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MOLECULAR INTERACTIONS WITH MANY-BODY
I PERTURBATION THEORY

to

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH

from

BATTELLE LABORATORIES
i COLUMBUS, OHIO

I I. INTRODUCTION

In a wide variety of Air Force applications, highly detailed information

about atoms, molecules, and their interactions is required. (1-3'* This infor-

jmation is necessary in problems ranging from chemical laser development, to the

detection and identification of rocket plumes, to metal clustering and aerosol

formations, and even to nuclear weapons effects.
(1-3)

I Probably the most crucial component needed to understand molecular reactions

is the potential energy surfaces that serve to describe the attractions among

the atoms and molecules.(') However, such information is not easy to obtain.

A certain amount of information about the molecular forces near equilibrium in

a bound molecule is available from spectroscopy. Some information about the

potential energy surface even in the absence of binding can be provided from

crossed molecular-beam experiments. But, in general, potential energy surfaces

are not amendable to experimental determination. Instead, other types of ex-

psperimental observations such as kinetics experiments, coupled with very simple
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theoretical models for a surface, are used to infer pieces of information about

1 the parameters of the model such as what the activation barrier might be.

I The most direct approach to obtaining detailed information about a potential

energy surface is offered by predictive, ab initio quantum mechanical calculations.

However, to make it feasible to calculate accurate energy surfaces for molecules,

much better and more computationally efficient methods must still be developed.

One such approach, namely many-body perturbation theory (MBPI) 4-15 1 and

its infinite-order extensions termed coupled-cluster methods (CCM)
(11,16 20 )

offer a number of attractive features that the more traditional configuration

interaction approaches lack. (21 ) Under AFOSR support at Battelle's Columbus

Laboratories, very efficient computer codes to perform MBPT/CCM calculations

were written and employed for the first time in large-scale ab initio calculations

of potential energy surfaces. ( 1,21) The successes of this effort have been

substantial. These include the determination of a complete force-field for the

H20 molecule, including all force-constants through fourth-order, that is suf-

ficiently accurate that once improved experiments were carried out after our

calculations, many of the previously accepted values for the force constants

were revised to be more consistent with our predictions. (22) Also, a study of

the binding energies of the molecules B2H6 2BH3, H3BNH 3 -BH3+NH3, and H3BCO-BH 3+CO

was made that predict these binding energies to within 1 kcal/mole of the accepted

experiments for diborane and borane carbonyl, and make a prediction in the case

of borazane in the absence of an experiment. (14 ) Earlier experiments which

gave much higher values for the binding energies of diborane and borane carbonyl

than we computed are now completely discounted. Similar successes with studies

of the isomerication energy and activation barrier of HNC-HCN, (23 ) and CH3NC-CH 3CN,

24) the photo-dissociation of formaldehyde, (25) amd various studies of methanol,

methoxy, and the formyl radical( 26) attest to the reliability of our MBPT/CCM

methods.

4 -
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Building upon this work supported by the AFOSR, at Battelle, we carried

out extensive studies of the potential energy surface for the two inelastic

collisions, O(3 P) + H20 and O(3 P) + CO2 , under contract to the Air Force Rocket

Propulsion Laboratory, for the purpose of obtaining vibrational excitation cross-

sections that are needed in actual detection devices.(27)

Despite the many successes we have had, there are still categories of prob-

blems that cannot yet be attacked by MBPT/CCM. These include studies of most

excited states, reactions that break multiple bonds, and applications to various

(21)kinds of open-shell molecules. To satisfy these additional requirements

it is necessary to simultaneously develop the formal theory, write additional

computer programs, and continue to make landmark applications of our developing

quantum mechanical technology. Although in many cases the formal theory is

less dramatic than the applications, the continual extension of the theory has

a greater impact on our ability to calculate accurate energy surfaces for what-

ever categories of problems might emerge from the needs of the Air Force.

Consistent with this objective, much of our work has been devoted to formal

theory. This includes, the derivation of the coupled-cluster single and double

excitation model (CCSD)(28 ), optimization of orbitals within the coupled-cluster

framework, (29) and developing additional mathematical techniques to efficiently

solve the nonlinear coupled-cluster equations.(30) Additional applications to a

variety of problems have also been accomplished.

In the following, Section II discusses the research objectives of this

grant, and summarizes some of the notable accomplishments made in the past three

years under our AFOSR grant at Battelle's Columbus Laboratories.

In Section III we discuss some of the research directions that work in

MBPT/CCM should take in the future.
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Section IV lists the publications and presentations which were supported

by our three-year grant with AFOSR.

II. REVIEW OF RESEARCH ACCOMPLISHMENTS

Three years ago, when this grant was initiated, we proposed the following

overall objectives:

1) Develop new, more accurate and more efficient ab initio quantum

mechanical methods based upon MBPT and CCM for determining molecular

properties, and particularly, potential energy surfaces for molecular

interactions.

2) Implement these methods in highly efficient, transportable computer

codes, to enable computations on potential energy surfaces to be made

on an almost routine basis.

3) Apply these techniques to a variety of problems that are of interest

to AFOSR, and that serve to establish the range of accuracy for MBPT

and CCM methods.

In line with these objectives a number of firsts have been accomplished in

this program. Highlights are reported in the annual reports of 1979 and 1980,

but we will attempt to summarize some of these accomplishments together with

those of the past year in this final report. The achievements in this project

have been reported in 20 published papers and 30 presentations including

I invited lectures at most of the principal international quantum chemistry

meetings. These are listed in Section IV.

Some of the principal accomplishments over the three-years of this grant

include the following:

A. The first general purpose implementation of the infinite-order coupled-

cluster double excitation model (CCP) was made and applied to a number

l"
I
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of problems.(2 1'22 '26 ) Unlike CI methods, which for practical reasons

are usually restricted to single and double excitations, CCD properly

includes the important effect of quadruple excitations into a molecular

calculation.

B. The first complete derivation and implementation of the coupled-

cluster single and double excitation model (CCSD) has been made and

initial applications recently submitted for publication.(28 ) The CCSD

wavefunction, eTI+T2 10 >, includes all effects of single excitations

and the disconnected triple excitation terms such as TI T,, and the

4quartic, T1 terms. This model will be used as the framework for a

new approach to chemical bonding using localized orbitals where,

unlike SCF orbitals, T1 will not necessarily be small. Since CCSD is

equivalent to full CI for the chemically important problem of separated,

I non-interacting electron pair bonds, we expect this model to be a very

interesting study in our future work.

I C. Both the infinite-order CCD and CCSD models have been extensively

Iapplied(21-27 ) in their truncated fourth-order form, termed DQ-MBPT(4) and
SDQ-MBPT(4), when S, D, and Q refer to all single, double, and qua-

Idruple excitation MBPT diagrams that occur through fourth-order in
the energy. These models have been justified by showing excellent

convergence to CCD and CCSD in all cases where SCF orbitals are used

and no quasi-degeneracies are encountered 121 ).

D. In other work involving the theory, we have considered orbital op-

timization within the coupled cluster doubles model, developing a

quadratically convergent scheme.(29) In future work, we intend to

optimize the orbitals for the CCSD model.

LP
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I
E. We have studied the isomerization reactions, HNC-HCN, LiNC-LiCN,

and BNC-BC, C 3NC-CH 3CN. 4 exist for the first and last

isomerization, while we predict the other values. In tne first case,

our result of 15 + 2 kcal/mole was in disagreement with a recent ex-

periment that obtained 10 kcal/mol 31 Je published a oaper claiming

the experiment was in erro4? 3)ecently, '-1 Henre in unpublished work

has performed an ion cyclotron resonance experiment which obtains

14.8 ± 2 kcal/mole vindicating our prediction. In the case of the

isomerization of methyl isocyanide our prediction of 22.7 kcal/mole

is in excellent agreement with an experimental value of 23.7 obtained

by Pritchard's group in Canada. 
(32)

F. We have made a very thorough study of the three lowest electronic

surfaces (XIA', a 3A", and AIA") for HNO H+NO this past yea. 3 )HNO is

a molecule common to many flame and plume species. The emission of

HNO(A A")-HNO(X A') is responsible for the observed red emission in

the reaction of H( 2S) with NO(21). Geometries for all these states

are obtained providing excellent agreement with experiment (within

0.02A and 20) for the XIA' and AIA" states, while predicting the

structure of HNO in the a3 A" state in the absence of experiment.

Excitation energies for the two excited states and recombination

rates for the H+NO-HNO reactions are also obtained.
!33)

G. The first application of CCO to a potential energy surface was our

determination of the quartic force field for H2 0
22in this work we

reported all force constants, made extensive comparisons with CI and

with different MBPT models. Our predictions for some of the higher-

order force constants differed sufficiently that Hoy and Bunker re-

interpreted the infra-red data using a more flexible treatment of theI•
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bending mode(34 'n almost every case their revised force constants were

in better agreement with our prediction.

H. Two thorough studies of the formyl radical, HCO, and its potential

energy surface for the unimolecular decomposition HCO.H+CO, transition

states, heats of formation, geometries, and activation barriers have

been reported. (26)

I. This year, we had the opportunity to participate in a very informative

comparison between MBPT/CCM and full CI. Full CI refers to including

all possible n-tuple excitations within a basis set for a molecule.

Because of the enormous number of configurations generated by the CI

method, such a solution is impossible for anything but the simplest

problems. Saxe, Schaeffer, and Handy in a notable achievement have

obtained the full CI within a double-zeta basis set for H20.(35)

This calculatior used over 250,000 configurations, and required about

six hours on a CDC 7600. Using our CCD modei which includes double-,

quadruple-, and most of the efects of higher-even ordered excitations

and adding in the fourth-order single and triple excitation contributions,

we obtained a result within 0.2 kcal/mole of the full CI. Our calcu-

lations, however, required only 30 seconds on a CDC 7600. Although this

is an ideal system for our methods, it is an indication of the high

degree of efficiency attainable by many-body methods. (See review

paper on MBPT/CCM written for Annual Reviews of Physical Chemistry for

a discussion [36].)

J. The structure and thermochemistry for the highly unusual psuedo tri-

halogen free radical HIF has been obtained. In experiments of Yuan

Lee and coworkers (3 7 ), this radical is found to be bound by 30 kcal/mole

relative to IF + H, but its structure is completely unknown, without

A
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even any evidence whether the molecule is HIF, HFI, or IHF. Also, it

is not known experimentally whether or not it is linear. We have pre-

dicted its structure using MBPT/CCM and effective potentials to account

for the chemically inert electrons in 1. (38) The molecule is found to

be bent, having a bond angle of 1370 with I in the center. The IF and

HI bond lengths are stretched very slightly (O.1-O.2A) from the cor-

responding bond lengths of the diatomic molecules, IF and HI. We

predict a binding energy of 25 kcal/mole for decomposition to IF + H,

in very good agreement with experiment.

K. The reduced linear equation method developed for solving coupled cluster

equations has been generalized by investigating a least-squares solution

to the psuedo-linear CCM problem.

L. Comparisons between standard configuration iteraction based methods

like MCSCF, truncated CI, and full CI with MBPT/CCM methods for the

insertion of Be into H2 have been initiated. Even though this system

has some very severe degeneracy problems, our initial results suggest

that a single reference function CCD result can describe this insertion

process adequately. The system is also serving as a vehicle to illus-

trate the orbital optimized CCD method.

M. The decomposition of formaldehyde, H2CO, to radical and molecular pro-

ducts and its rearrangement to hydroxycarbene has been studied. (25)

This problem is of substantial experimental interest because of formal-

dehyde's prominence in combustion/plume processes. The activation

barriers and heats of reactions have been obtained. In the latter

case, agreement with experiment is within ± 2 kcal/mole. The activation

barrier predictions support the CI results of Goddard and Schaeffer

that would suggest a tunneling mechanism for H2CO-H 2+CO.

____ ___ ____ ___ ___2__2
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N. A series of detailed comparisons of various MBPT models with CCD for

the C, N, and 0 atoms and the H20, NH3, and CH4 molecules have been made

this year.(2 1 )" These comparisons, plus a number of others we have

made, suggest that the infinite-order CCD results differ insignificantly

from the fourth-order model, DQ-MBPT(4), for most normal cases.(21)

This supports the predictions of the less expensive fourth-order model

for larger molecules.

0. The first all-electron ab initio coupled-cluster and MBPT calculations

of benzene were made last year. This work demonstrates that a molecule

of this size has at least a 20 percent error in its correlation energy

due to the neglect of CI type quadruple excitations. t40 ) This emphasizes

the importance of using methods like MBPT/CCM that properly include

such higher order excitation effects if reliable quantum mechanical

calculations are to be possible for larger molecules.

P. An investigation of the long-standing discrepancies in the experimental

binding energies of the rocket fuel components, 2BH3-B2H6, BH3+CO-H 3BCO,

and BH3+NH3'H3BNH 3 has been made with MBPT.1 The binding energies of

the first two are in exceptional agreement ( -1 kcal/mole) with the

lower set of experimental values, discounting the larger binding energies

obtained from other experiments. The value of borazane of 30 kcal/mole

is a prediction in the absence of any experiment.

1I
I

-I
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III. FUTURE RESEARCH DIRECTIONS

Over the duration of this grant, MBPT/CCM relative to a single reference

function has been shown to be a quite efficient, accurate method for ab initio

calculations of molecular properties. Numerous studies of dissociation

I energies, molecular geometries, and force constants have attributed to this

fact, as highlighted in the previous section,

MBPT/CCM relative to a single reference function is not universally ap-

plicable, however. The difficulty does not lie with MBPT/CCM but rather the

limitation to a single reference function. In our work we have chosen to use

an unrestricted Hartree-Fock (UHF) function to permit the description of open-

shells and to correctly separate a molecule into open-shell fragments. This

seems to work reliably in many open-shell cases of high multiplicity and when

breaking a single bond, but the correct dissociation of multiply bcnded species

is more difficult to describe.

This fact is illustrated by our studies of the M2 potential curve dis-

cussed in Appendix A. The ground state of N2 is E g+, but a restricted

Hartree-Fock reference function cannot separate correctly. A UHF function can,

but it suffers from spin-contamination since the spin quantum number is not

conserved. This is particularly bad for a singlet state, since all higher

multiplicities will contaminate the lower state. Consequently, as N2 disso-

ciates, instead of a unit multiplicity, the multiplicity is much higher (-3.5)

attributing to the high degree of contamination. This contamination causes

an incorrect behavior in the UHF description of the region where N2 starts to

dissociate that subsequent correlation corrections with MBPT/CCM cannot cor-

rect. To che contrary, there are few observed problems in studying potential

energy surfaces for such open-shell species as HCO, HNO, CH30, and 0(
3P)+H 20,

with UHF + MBPT/CCi, since all are higher multiplicities- and do not sufferI.
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from the same degree of spin contamination.

There are potentially three solutions to the problem of dissociation of

multiply bonded molecules like N2. The first, and simplest, would be to find

a way to annihilate the spin contamination from UHF + MBPT/CCM. If a conve-

nient prescription could be developed, this may well give a pragmatic solution

of high utility.

The other two possible solutions really amount to the same thing since

each introduces additional correlation corrections into the calculations, but

proceed from two different directions. Either one can retain the single refer-

ence function and attempt to introduce the additional higher-order correction

required to provide correct dissociations such as coupled cluster single,

double, triple, etc. excitations(CCSDT...), or one could employ multiple re-

ference functions which should not require as high an order treatment of the

remainder of the corrections. The last approach is the most pervasive, but

also requires the most development to obtain a theory that is convenient com-

putationally and generally applicable. Also, the so-called cuasi-degenerate

forms of the multi-reference approach suffer from serious problems with intruder

states, perhaps suggesting that a fixed linear combination of reference func-

tions might be a preferable starting point.

The second approach using a single reference but a high degree of corre-

lation has been applied by us to the very different problem of the insertion

of Be into H2 (see Appendix B). This problem has the near degeneracy of the

2s and 2p orbitals of Be as well as the degeneracy encountered when the H2

bond is broken, where the 2 l2 configurations become equally imoor-

tant. This system is small enough that we were able to calculate the full CI

(i.e. all possible configurations) solution which is the best possible solution

for the problem. The CCSD results, even relative to a single reference function

I
Id



that is far from dominant in the full CI, is essentially indistinguishable from the

full CI. This study emphasizes the flexibility and stability of the infinite-

order coupled cluster model even when a high degree of deqeneracy is present.

For more complicated problems, however, perhaps multiple-reference approaches will

be the only solution.

A new development which will occupy us within the future year is the consid-

eration of particular classes of non-SCF reference functions in MBPT/CCM. SCF

reference functions provide a convenient dichotomy of the energy for a molecule

into the SCF part and the electron correlation effect, which is recovered by MSPT/

CCM. For most problems SCF theory (at least in the unrestricted form) offers a

good unperturbed approximation. Using such a function also offers a number of

simplifications since all nonvanishing correlation corrections are exclusively

of two-electron type. However, SCF theory has the deficiency that the canonical

SCF solutions are delocalized over the entire molecule. For larger molecules,

it would be useful if the orbitals were more local zed since many of the two-

electron intergrals, (clyf), would essentially vanish for charge distribitions

aS and -, that are adequately separated, as well as if the two orbitals in the

distribution are in different regions of the molecule. The reduction in the

number of nonzero integrals for a problem can have a drastic effect on the compu-

ter time rpquired for the perturbation calculations for large molecules as well

as offering a more conceptually appealing separation into units related to electron-

pair bonds.

Using non-SCF reference functions raises the question how high an order in

perturbation theory is required to recover the same quality of result as in SCF-

based calculational methods. Also, it is necessary to add to the computer codes

all the additional one-electron perturbation that using and SCF reference function

eliminates. In the coming year we hope to begin to answer some of these questions.
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Another area that we intend to stdrt to investigate is the theory

I for the prediction of excited-state potential-energy surfaces by using equation-

I of-motion and related techniques built upon a MBPT/CCM ground state reference

function. This is a very new direction for this project, 'ut one that offers

I excellent prospects for providing excited state surfaces, which are frequently

important in classes of plume and combustion problems. .s a bonus, such an

approach should eventually enable us to obtain electronic excitation spectra.

IThe fundamental idea is that for the wavefunction

J ~ ~ :A! >

we consider a second operator, 2, such that

I0
= p

where ' I is some excited state. A nother cluster oeraor is a :sslbio~

for, 2, such as 2 = e S. From the Schrodinger ecuation,

0 
0

and

I so 10is

Left multiplying the first equation by :, we have

I [H,n] po := Epo

The CC wavefunction to may be obtained in the usual way, while a set of

1 equations for 4 may be derived from the equation-of-motion.

I
II
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In addition to the development of the theory along the lines indicated

above, it is still important to pursue some applications to problems illus-

trating the theory at different levels with particular regard fnr :-enmparisons

with CI, full CI when possible, and some MCSCF results. We are iterested in a

variety of systems like interhalogen flame species. In particular, the unusual

molecule HCF is found to be a chemiluminescence product of combustion involving

combinations of interhalogen and hydrocarbon fuels, as may be important in rock-

et plumes. We intend to investigate the ground state energy surface for this

molecule. Other categories of molecules to be studied will be largely determined

by examples that are useful to illustrate the theory.

We intend to continue investigating these possibilities in our future stud-

ies at the University of Florida, Quantum Theory Project.
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Molecular Applications of Coupled Cluster and
Many-Body Perturbation Methods
Rodne J. Bartlett and George D). Purvis III

"" iee Columbus Laboratories. 50i King Xvcenue. Columbus, Ohio 43201. U.SA.

Rcceied June 11. 1979

Abstract system,. and is a necessary result oftre exclusion of- "unlinked"1 .lolcuar pp~L-ttois f ouped luterandnnv-ods prtubaton diagrams. A consequence of .a size-extensive model is that for a
Pnethods. Rodney J Bartlett and Georgte D. Purvis III i Battelle Columbus group of V nonmnteracting H, molecules. E(l~) NEJ H-
Laboratores, 501 Kina Avenue, Columbus. Ohio 43201. U.S.A.). and p(NHJ =N.p(H,). Since in a first apiproxinmation a cortt*

Plivsica Scripta (Sweden) 21, 255-265. 1980. plicated molecule can be viewed as a -Iroup of approximnate>

A series of molecular applications of many-body perturbation theory noniitteracting electron pair bonds like fin H, it is appaiet i ha
N\IBPT) and the coopled-cluster doubles iC~ model are described, the size-exterisive property should be miaintainsed as tile ilieor.

Lhen Lhuhthese methods have been available tor sometime. only is dvlpdfor lagrand larger molecules. A truicated CI
recently ha-ve large scale. NIBPT molecular calculations become available, such as SD-Cl (all single and double excitationis from a referensce
In tile case of CCD. the results presented here are among the first ob-
tained from a general purpose ab initio program. rhe intention of this determinanst) does not have this propety since it retaiins ottl-

paper is to present an overview of the current state of the many-hod> linked diacrai contributions. For SD-Cl EtVH2ii saries as tile

approach to ground state properties of" molecules. Time properties Studied '7.
are correlation energies, including contributions front single. double, and Another comnsequenice 0f size-extcnsivir% for clietnisir% is that
quadruple excitations diagrams in fourth-and higher-order; dissociation for a reaction coissistine of- closed-shiell species. A -B -C- D.
energies: potential energy- surfaces; and nmolecular polarizabiliti .es and .teha fterato sgvnb IfC .H

liproaiaiiis xmlsaetaken from studies of a variets- of- - rx
miolecules including HF, . 0,O HCO. C, 11, - B. H, . CO:. and N... In I D) -- A1Hf (A) - A1Hf (B). Tis sents like anl almost t rivial
many cases, it is found that quantitatively accurate dissociation energies, result. however, if the heats of formation of tile species were
geonsetries. and force constants can be obtained. In an illustration of the obtained by SD-Cl. this simple addition is not enltirel% justifiedi.
X'I: potential energy curve of N. . it is shown that ai single U111: or RiII: In the SD- Cl case, one would prefer to obtaintil hseat oIf e
reference function NIBPT'CCD approach is inadequate at some Inter- action b). performng mlclenaclainef h w
nuclear separation.,uprmlcl acuaits0 h w

sides of the reaction \%fih A aind B and C and D intinitel'. tar
apart ito partially account for the size-inextensivit% . If- AIHf is

I1. Introduction obtained by \iBPT'CCMv. however, a table of' theoretical results

Manybod (dagrmmaic)perurbaionthery MBP) bsi-for Individual species may be used just as tile experimental
call dats bck t Brieckers apes [I- 21of 955 nd values are emrployed.

Golydtes proof tof theclinedar'pameorm I 1957 1n1 Although Superficially similar. tile correct depenidensce of the
Goldton's roo oftilelined-iagam heorm i 197 11 energyN ol ott esithe f sizestriofs adiserstem isv aharIts roots includle thle work of' Moceller and Plesset in 1934 [41 cortseatin fadffetirprt tht

and ulimatev, ofcours, Rayligh-Shrodiger prturbaion crrectoeearuien intoMoitslefrao t entri .en TheTilattttr

andor ultimaTe ofpctose, o R atsoighSr inaed pnerturatio property has sometimes been called "size -cotisstietlrcy " ') Pople
thoryn1 [ 61, wit Theeqen applications to atm oii ate ind ely- and co'-workers [ I . 181 . That is fot ainy molecule AB. a,
worker in16 16. wt usqetaplctosb an o meth -od is said to be size -cotisistenItt if thle predicted energies

satisfy El AB) =Ei A) I E(F B). where A and B max. 1e 113emTl
Coupled cluster methods (CCNI), developed by Coester and . -

Kummel [8, 91 in 1958- 1960. and in a form useful for quan- or closed Shell species. It is apparent that if thle liitked-diagratn
tum chemistry by &i2ek, Paldus. arid co-workers [10- l31 can expansiorn is riot truncated or. equivalentlv. if' a itll-Cl caico-
be viewed as a closed-form set of equations which may be used lation is made. then even w%-it a sticle deteriit t'-ence
to sum certain categories of* many-body diagrams to all orders functiotn. size-constettcv is -zuaranmeed Tl ihILM'et.s cci
[141 . This has the advantage that order dependence is removed "size-consistency- defined as coriec! separationl and "Size-
from thle computation. and that certain invariance properties are extensivitvW. occurs when a truncated expansion IS 0Tmpjlo0 d. asIpresent that would not normally apply to a finite-order method. is necessary in atty practical met lod.
(Within the standard M1BP T fratmework. infinite-order sum- Thle truncationl of the expainsion beehe otnt the assutur-
miatmons of' parts o~f diagrams ate also frequently summed to all lion of a stngle determiinant reference fsmnVCtioms. forces a
o irders. primarily by denominator modifica'tions, but not tincrtisn bietweeti closed-shell molecules icilaratins! ito !e-
generally entire categories of diagrams. See, however. 15 1 and Shell fraemteits and clsdselmolecuoN sclr'artml rc i

[16J. ~open-shlell rigints. due to thre tnature or' thie :stc1 ~ ~The stgnificance of N1BPT/CCM and thle linked-diagram Hatiree .Fock ( IF reterotnce UTiCimot (or 11ty'mue %ec
theorem for chetmistry has several facets. Pritmary among these is minant composed of doubl\ -occupied orbitals that retlects the
the concept borrowed from thermodynamics of '*size- point g-roup sN. mntr% or Tile ImnoleculCI extcnsivity [141 . The term indicates the proper dependence If closejA shell molec:ules separate oito cOsed-shellI -er
tf tile enceg or density matrix onl thre size of a homogeneous an Rill- function is .i pr iper reteretice tumi:om ;: alltier

P11 % sm-: S,.7~p -
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nuclear separations. For this case, any approxaimation to the cally satisfying set of components. particularly !, T o
linked-diagram expansion for the energy that evaluates an which represent two-simultaneous double excitations [20]. By
entire diagram ti.e., not iust the "diagonal" part of the diagram, establishing that this term out of five constitutes the pre-
for example because of possibie invariance problems [261 ) is dominant quadruple excitation contribution, for ,losed- heil
size-extensive and size consistent. Hence. EurH, I = r/El H, ). molecules, far more tractable methods for including most of ,he
EI g,) = "(Mg), and E(BHL) = :E(BH 3), etc. jNote, the effects of quadruple excitations are possible than within the
detinition ot size-consistency or correct separation only pertains standard C! framework [141.
to the energy, not the wavefunction where simultaneous double In Cl. multi-reference function techniques that would in-
excitations on the various fragments are necessary even in the clude all single and double excitations out of the reference
closed-shell case.) determinants would introduce excitations which are four-foid

However, when separation of the closed-shell molecule into relative to a single determinant, and as such. would presumably
open-shell fragments is required, such as in N2 or H, the RHF contain the most important higher excitation effects. Such a
reference function for the molecule does not change smoothly method, although not rigorously size-extensive, probably would
into a single determinant RHF function for each of the frag- have this property to a high-degree of accuracy.
ments. but. instead. will normally go to an ionic form. A* and From the foregoing, it is apparent that MBPTCCM has mucn
B-. Consequently. there is no single determinant RHF reference to offer in molecular problems. However. to exploit :his fac, in
function to employ for the open-shell fragment in a consistent practice, it is presently necessary to use conventional finite basis
.MBPT'CCI calculation to investigate whether E(AB) =E(A) -, sets of Slater type orbitals (STO) or contracted Gaussian type
E(B). If the level of the truncated MBPT/'CCM expansion is high (CGTO). This is a consequence of the muiticenter nature ot
enough, even though the RHF reference function is separating molecular charge distributions. The few attempts to use one-
incorrectly, the correlation corrections are sometimes sufficient center expansion techniques for molecules containing a heavy
to still provide a good potential curve at large intermolecular center, which permit numerical calculations as in atoms, met
separations [32]. but more frequently, it is necessary to require with very limited success [2. 22]. Hence. for more general
that the reference function should also separate correctly, molecular environments, basis set expansions centered at various

To retain the simplicity of a single determinant reference atoms in a molecule still remain necessary. This NIBPT CCM
function for separation into open-shell fragments, one must approach has been pursued by Robo [23] . Bartlett and co-
normally resort to the (spin and spatially) unrestricted Hartree- workers [14. 15. 19, 20. 24. 25-31] and now by several groups
Fock tUHF) type reference function. (Sometimes different [17 .32-341. The use of basis sets introduces an inherent error
possible UHF functions will converge to different separated in the calculations, but an error that all practical auantum
atom limits, however, so care should be exercised.) Since the chemical methods share. The ultimate answer obtainable in a
UHF function will normally converge to an RHF function for basis set is the "full" Cl. Thus. tl-! goal of an. basis set method
closed-shell molecules near equilibrium, the UHF function will is to approach as ciosel} as possible to this result. The advan-
often provide a reasonably smooth reference determinant as a tages of MBPT CCM for including Lmportant effects of higher
function of R Isee Section 5 for a contrary example), but once excitations suggest that MBPT'CCM has promise of :onvergz

a bifurcation into separate RIHF and UHF functions occurs, a more quickly toward the full CI result than other :echntcues.
linked-diagram expansion can be evaluated with two reference In the following, we attempt to .rc ide an overview ,f the
functions. By definition, both of these calculations are size- current state of MBPT CCNI stud;es of molecular s% s:ems. Many
extensive since only linked-diagrams are evaluated, but only of the results repor'ed are new. while some particuiar:%
one of these two calculations would permit correct separation, illuminating applications made by our 2rou nase appeared cise-
or size-consistency. Hence, a single determinant reference where [IQ. 25. 28. 291 After a brief discussion of MBPT CCNI
NMBPT,'CCM calculation normally requires a UHF function to in Section 2, in Section 3. we stud'. the extent if :he corre-
be both size-extensive and size-consistent, and heats of reaction lation energy obtainable in a standard quality basis set and "ite
with open-shell components can be computed accordingly. contribution from the different orders of perturbation thecr%

A more thorough solution to the ambiguity between correct Emphasis is placed on :he importance of quadruple exciations.
separation and the proper dependence on the size of a system. In Section 4 the prediction of dissociation enerres with MBPT
requires an open-shell MIBPT/CCM approach [36-381 since a is discussed. Section 5 describes MBPT CCNI apci:ca:ions :o

multi-determinant reference space is usually required to potential energy surfaces, with some compariscns with tnle
guarantee correct separation in a truncated expansion. SD-CI model. Section 6 describes MBPT applications to other

The property of size-extensivity in a theoretical model, then. properties than the energy. This includes results from the firsi

is simply a consequence of a more proper treatment of quad- correlated study of molecular hyperpolarizabilities [35]
ruple and higher CI excitations in molecular applications [14,
19, 201. These excitations are responsible for the cancellation 2. Summary of many-body methods
of unlinked diagrams. Thus a statement that si:e-extensivirv is
important is simply a statement that quadruple (predominantly) A fairly complete discussion of MBPT CCM and their rela::or,-
and higher CI excitations are important. ship to CI has been given elsewhere [141. Consequently. 'h,

These higher-excitation effects are handled in two stages in present section will be limited to only a few basic eouatiors :n
many-body methods [14. 19]. The first stage consists of incor, order to define some terms.

porating higher-excitation effects to eliminate the unliked dia- In MBPT the energy is given by the linked-diagram expansior

grams in the theory. Thus, any approximation to the linked- [3].
diagram theorem benefits implicity from this feature. The -AE = - Eo = E I - E=
second stage comes where higher order CI excitations like quad- o

ruple type C, >o>. are further decomposed into a more physi- = - ' 0 j V[(E5 -H D
1 

)L
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AE =]k* VI,'( Opt], 5l)E' (21
V P is t 0 0 c projector onto thle space orthogonal ito +l, which, in

this case. represents the space of all CI excitaions tromll),
0). A. EqAo (2) iseulodrbyodrwt helne-iva

'.0J'~ expansion, eq. I .if the CI excitation space is not ir unICated
llowtver. Il P IS represenlted b, onl1V double-excitations trout1

- - -~ ~- ' -then eq. (2) will cotiverze to the D-CI solution whicin re-
.. \ '4 0- tains unlinked diagrams. This should he contrasted with eq. (I I

- - . . .. where thle cancellations of- all unilinked-diagrams has already
* ~4~it4~.'I.it ~> ~ *~ -, 1.' been achieved by permitting mixing between double and higher

j jj~ I',I t! excitation,,. This cancellation is responsible for thle size ex-

/ -- ~ - j i------------------~. tensivitv and thle particular utility of tile linked-diagramn
expansion.

*I i 4' ~ 41 ~ ~As long as +
t'o is the SCIF result, the second- and third-order

04 4 i~ terms in eq. (2) are determnined solely, hK CI double excitation

- . - - and there is no difference between'RSPT and NIBPT. In the
fourth order, in addition to double excitations. there are single.

Fig. I Anrrsyiniretrrued Go'ldstone diagzrams iASGDs) through fousritrilhn udul xiain otiuin.I tti re
order \tBPI. A liariree-l ock -eterence state is assumed. Orders are dis h t te adifferpce bexctwens ntrc i. ate thi oorS)adean
tinvuished by ihe number of dashed horjvontal interaction lines. Particle ta iedfeec ewe rnae I(rRP)ada
I, P id hole i/i) stares are represented by do%%nwvard and upward directed NIBPT model c;rt occur. If' P is limited to double exciations.
line seg ments. resrecrrsely rhe escitation level of a diagram is dis- eq. (2) gives thle fourth-order approximL1tion to D-CI. ss, Ich re-
titteuished by the numbe'r of P-It pairs intersecied by an imaginary rains un -linked. size-inexietisive terms. To tile cirnirarN . the sumi
Cntral horizontal line. In ihis manner ihe diagrams have been labeled and i ~edul xiaindarm hw t it sadfeet

counted as contributions to the correlation energy arising from single (S).,
double iDI. triple ITi. and quadruple I5 e\cttatrons types. size-exteirsive approximation. On rte other hsand, if' double and

quadruple excitatiotns are both included in P. then the fourth-

For the purpose of' this paper. (1, is thle single deterniant SCIF ore nr'otie srt aiea h ur fdul n
quadiuphe excitation diagrams, or DQ-RSPT(4) = DQ-.\IBPTI4i.

result for a nondesteierate -round state.
Thle Hamiltonian. Ho. is the sumi of' one-electron Fock ThcopdclsemtodCCI[-1]na\bvieds4a W3% iio SUM certain ca!eeories of' NIBPT diagrams to all orders

operators aird F,) is tile sun of the SCF orbital etnergries. SO that
- ~aud this also ofters a somnewhat different phl sical Insight than

ESCF = Eo+ El . The perturbation is V = H -/I, where H is Cl or MBPT.
the usual electrostatic Hlamiltotnian, and the subscript L indi- For a Cluster opraor T. ncIrsdeis thle wjvefunction
cates thle limiitation to lirked dlhigrams. All thle diaurams (assotl-

- 1 [8- 14. 20].
ing antisyinmetrized vertice;) that tneed to be considered throughll
fourth-order are shown in Fiet. I . For purposes of discussion. VCC e ei+'13
these diastrarns are characterized by thre number of particle lines- with T separated into otte-bod\ . two-bod\ , etc:.. cluster
occurritrEz in internmediate vertices into single, double, triple. and conit rib utinis.
quadruple excitation types. Thle models are thus defuned in tile
form SDQ-\IBPT [4] which means all single. double, anrd t , - 2 t, -t3 (4)

quadruple excitation diagrams through fourth order in tire Tire various parts of'T are assumed to he reprosetited in tite
energy. From the onset, finite basis sets are assumned, hience thle CCUpatiOti trutiber represenrtationt with thre :oe!'ficietnt to bie
SCIFequations are understood to be valid its a matrix sense. determined by, tire coupled-cluster equatiotis.

For open-shiell atoms and molecules, (1),) is chosen to be thle For the examnple of' Cl quadruple excitatioins. e4 . fromi-11 tile
rnrestricted H-artree-Fock (Ul-F)--SCF result. where relaxation expontential operator its eq. (S.we have tire correspondence that
ofspin and spatial symmetry is permitted. The UhIF solution

will normally converge to the restricted ( RI-F) solution, which C4 = T- -T I ' tT -: 1 1 ! T-
maintains spin and spatial symmetry, (or gound state, closed- Thsis. irs etl ect. provides a Jecomntposit~oi ot (I quadruple exci-I shell molecules, and away fromn the separated atom limrit. For tations into five perhaps more plIt>sicall\ ineaningfl cot;'-
many examples RHF or UHF functions provide a reasonable portents. t in a sense corrospouds it) two slimultalneous titter-
sarting point for a correlated methrod, but when this is not actiotns of two electronts. while T4 tends to represet a true

psil.such as when more than one determinant would be I'i-oyInteraction [20] . Since the Hamiltoian wke are
heavily weighted - it is necessary to rise inultireferentce futnction conrsidering Isas no more thtan tw.d interactroirs. thle T;
based methods [36-38] . [In our work,- the spin-multiplicity for contributioti would appear ito be far miore impor tart tlIran T,
a UHF based correlation calculation is monitored to provide for trust closed-shiell prohlemns. ThIs is supported h\ periut-Ievidence that the appropriate spin state is being described. bationr theory-, where it may be shovti thsat all fou'rt-order

Althoueh it is better to treat open-shell problems with imulti- quadruple excitat ion coniitributionts conme from T %. ith T4
referenrce function techniques, the greater complications in- bestiniiti it. :otribute iii thre fifthl-order etierpt [1-41 . Thre;e

volved in thtese methods rmakes tile UHIF approach art attractive otaining terms citain T, \% Ich is identical].ly ero fur BruLeck:tir
intermnediate level techrrniqute thIa t thbough riot of uttive rsal or bitalIs,'in d iiirialo II'o iunrd to be relatively ii, npoitait r or

applicability, is of wide applicability. closed-shiell svSICItrS even for SCIF orbitals. As a consequence.

Thte Raylenig-Scrrodiruer perturbation theory IRSPT( ex- tlse first reasonable cioupled cluster ;nflox~tair I ouled

pressiorn fiOr AE is 5]-cluster doubles. CCD( has the form [10- 13] Pttc cqu
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'ccD eT: T' o (6) orbital basis sets centered at the various ators or other sped-
fied locations in a molecule, remains a necessity. Some progressB y p r o je c t in g H q Ic c D o n t o th e s p a c e o f d o u b le e x c it a t io n s . i u e i a e h d o o e u S i , c r i 4 1 t I -h sneobtains the nonlinear eutnsof CCD. which have he in numerical methods aor molecuics is octcurring 142] but these

onerains [ aov developments are likely to be too slow to eliminate the nee,:
general f'orm [ 131s for basis Wts for quite some time As such. it is pertinen: to

at, i T djkttk = :' (7) deveiop intormation about what might be expected from
i .%I BPT CCM caiculations wir a size of basis set that can reason-The coefficients ai1, diih, and vi are simply combinations o ibly be used for a number of cherrucally interesting pro lems.

molecular integials while the it,} are to be determined. The The use of basis sets also means that the ' est possible answer is
equations are independent of the energy which is an indication given by the "tull'" CI result whose agreement with experiment
of the underlying dependence of CCD on the linked-diagram is a function of the cahbre of the basis set.
theorem. A second imnportant consequence is that ti-e CCD In Tables I and II results are shown for some atoms and
method allows one to include the predominant effect of quad. molecules at the level of a Rood but standard contractei
ruple, sextuple, etc.. CI excitations within a tractable compu- Gaussian type orbital (CGTO) basis set. For C, N. and 0 the
tational scheme, while in the traditional CI method, a distinc, basis consists of Dunning's 5 s3p contraction [431 of Huzinagas
tion between the different components of C4 , C, .. is not primitive 9 s-p set [441 augmented b. ad-poiarization :unction.
possible. For H, the functions consist of Dunnig's Ss ,ontrac,.ons .,itn

In the present work, these nonlinear equations are solved a p-polarization function. The d and p exponents are inven eise.
iteratively. The first two iterations of the linear part of the where [291. From Table Ill. it is found that this (5s3pid'3slpt
equations provide the second-, third., and fourth-order double basis is capable of providing about o0- 70% of the total corre-
excitation diagrams of Fig. 1 [14], while the first iteration of the lation energy, and 70-30% of the valence shell correlatior
nonlinear part of the equations (following a single linear tier- energy (i.e.. neglecting the K-shell electrons on C. N. ind 0).
ation) provides the fourth-order quadruple excitation diagrams In actual values this amounts to an error from about 0.02
shown in Fig. 1 [14]. The remaining iterations of these Hartree up to as much as 0.20Hartree. The error due to the
equations are not easily related to an order-by-order pertur- basis set at the SCF level is about 0.02 Hartree for H. 0 and CO.
bation approach. The CCD result is given as the converged and 0.04 Hartree for CO . However, in chemistry, all problems
solution of this procedure. (Note that many solutions of the involve energy differences, and, in general, much of the basis set
CCD equations are. in principle, possible [39-411, but error will cancel to enable more reliable predictions than mioht
assuming normal convergence, the lowest solution should be be expected based upon the accuracy of the absolute energes.
obtained from this procedure.) (See Sections 4 and 5).

The perturbation energies listed in Tables I and II all refer :o
the standard Moeller-Plesset (NIP) splitting of the Hamiltonian
with SCF (or V") [6] orbitals being used for the occupied and

At the present state of development of molecular theory, as excited one-particle states. It is apparent that the second-order
contrasted with atomic theory, the use of conventional atomic energy provides the predominant correlation correction. !n

Table 1. Energies computed by SCF(UHF), fourth-order ,VBPT for single, double, and quadruple diagrams, and rthe coupled cluster-

doubles approximation. Basis sets are (531/. (All energies in Hartree a. u. J

Atoms ESC F  E E, E EP E? E 
D Q  

DQ-MBPT(4) CCD

C('P) -37.68913 -0.07450 -0.01540 -0.00020 -0.00467 '-0.00113 -0.00374 -0.09345 -0.09481
(2S+ 1) 3.0042 3.0022 -e 3.0019 3.0010
N('S) -54.39827 -0.09754 -0.01396 -0.00014 -0.00281 -0.001 19 -0.001"76 -0.11325 -0.11319
(2S ,) 4.002 7 4.0016 - 4.001 1 4.0007
OP) -74.80698 -0.13552 -0.00965 -0.00038 -0.00228 - 0.00123 -0.00143 -0.i46 23 -0.14994
,2S, 1) 3.0039 3.002 1 _a 3.001 5 3.0008

a Contribution of single excitation diagrams to (2S - 1) is nor included.

Table if. Energies computed by SCF, fourth-order MBPT for single, double, and quadruple excitation diagrams. .nd the coupled

cluster-doubles approximation. Basis sets are (531/31). (All energies in Harrree a.u.)

Molecule ESCF E, E, E' EP Z? E D Q  DQ-MBPT(4) CCD

H.0 -76.04784 -0.241 11 -0.00369 -0.00148 -0.00388 - 0.002 16 -0.003 19 -0.24651 - 0.246 66
NH, -56.20934 -0.22010 -0.01161 -0.001 19 -0.00425 - 0.0Cc ,5 -0.00259 -0.23311 -0.23340
CH, c  -40.20659 -0.18980 -0.01969 -0.00097 -0.00489 - 0.0029, -0.00292 -0.21143 -0.211 ""
Co. d - 187.68591 - 0.52001 - 0.02053 -0.01177 -0.01336 - 0.008 86 -0.01627 -0.50398 - 504:1
Coe - 112.767 33 -0.30982 + 0.00492 -0.00692 -0.00998 0.00490 -0.01200 -0.30997 -,3 309,9

I RoH = 1.808b. 9 = 102.4'). Al electrons correlated.
iRNH = 1.92b. 0 = 107.3'). All electrons correlated.

C RcH = 2.065b. 9 = 104.28). AU electrons correlated.
d (Rco= 2.207b). K-shell electrons are not correlated.e (Rco= 2.132b). K-sheUl electrons are not correlated.

Ph ica Scripta 2.
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Table III Correlation etiergies determined bY .IIBPT and CCD methods Percentage of i orrlation ticr'rs'i ,htavied is gi'i in

parenthesis

All electrons Valence electruns -

SDt) MBPT4) CCD 1 Xpb St)D) MBP'I( 41 (1 1 XPb"

1 -0.0936 1631 - 0.0948 164";) - 1 149 '11761 09; -).1773 si -,oI 911

N --0.1134 (63 )  - 0.1 132 (63*) 0.181 0 0949 115'; j)94l 75< , - '0,127
0 - 0o.14661617 -0.1499161 ) - .245 - ' 1274 68 ' 0 1307 17o'-,) 0 186
Cl, -to.212417271 -0.2118 (72 2:) -0.293 - 01929 (81 ', 193381,'; -0 124'o
Nil, - 0.2343 170') - 0.2334 169 ,) - 0.334 0.2170 78'; 0.2161 ( 77- 280
W. - 0.2480 (68) - 0.2467 (68%) - 0.365 ..2297 75, - 0.2284 175<7) 396
CO - -0.530 -0 3169 76': 0.3097 (74",) -418
CO. - - 0.863 -01.5158 4754 1 - 0.5040 17Y7 1 692

Tile valence correlation energy is computed for CO and CO, by freezing tile core electrons. For other cases, the second-order pair correlations
inolhing the Is' pair are subtracted fron the net correlation enery given by the method, to obtain a valence correlation estintate

t, Reference l59'. Also JANAF Thermochemical Tables. National Bureau of Standards. All correlation energies are corrected for zero-point 'ib:at,n,
and relativistic corrections.
VIence shell correlation energies are obtained front the esperimental values by subtractine the Is-. KK and KL shell contributions to be &rrdain
obtained by R. K. Nesbet. Phys. Rev. 175, 2 1968). for the He isoelectronic sequence.

some cases, such as CO and CO, where multiple bonds are in- where a UHF functin is employed to achieve correct separation
%olved. second-order catl even somewhat over-estimate the at large internuclear distances to open-shell fragments lee.. N-
lnfinte-order CCD energy. Note, however, that with the MP as discussed in Section 5) spin contamination is sonte'IMes

splitting, second-order is usually surprisingly close to tle CCD observed to be quite large suggesting that a UHF based apro,.h

result, and as a consequence, is probably a fairly reasonable is inappropriate.
first estimate of the basis set limit. In fourth-ouder. in addition to the contributions front sle.

AlternativelyN. if the excited-orbitals are determined within a double, and quadruple excitation diagraits given itl Tahles I anuld
rv - t Ipotential [61 ti.e., a unity transfromation of the ex- II. there are the 10 antismtinetitzed triple exctation diagraun

cited orbital space) 124, 30, 45. 461 . or denominator shifts (6) Ahown in Fig. I. Unlike all other diagtas i Fig. I and the

are used to define a different splitting of the Hamiltonian (e.g.. infinite-order CCD model. whose dependence ott the inther o
the Epstein-Nesbet partitioning [471 ). much lower second-order basis functions is < .V. these diagramis have an V deedeice.

energies are obtained [151 . In many such cases these energies This makes it impractical to include these tertns lhout ai-
are close to the "'xperimenta' correlation energy. but since the ditional simplifications. Judging from the fact tht the i1d:vOdual

basis set limit is the only valid objective of the calculation, and components of EDQ have about the same order of nlac.umtude.

since a different separation of the Hamiltonian or a unitary one expects that tle triple excitation terms would also 1)e ahout

transformation among the excited orbitals cannot clatnge this tle same size. Furthermore. these terms are ttegative. Hence. the
ultimate result, these modifications will also make tle third- fourth-order contribution sltown is actually an upper mound to

and Iigher-order energies larger to offset the large overestitmate the full fourth-order result. One hopes. bolsever, that the
in second-order. Since for most finite basis sets the unmodified fourth-order triple-excitation terms will have a relativels small
MIP perturbation series seems fairly well-behaved it seems to be effect on energy differences and naY he safek tie _leted. ThIs

preferable. Once CCD or some similar infinite-order result is is not true for some cases [481. however. and should be

obtained, there is. of course, no difference and. in fact. this investigated.
invariance is essentially achieved in low-order [15.301• Even with the triple excitation diagrams neglected. -sDQ

There is some question whether the perturbation series usually is about the same magnitude as f 3. and can be laraer.

would have the same observed behaviour if one actually had the T!,Is is partially due to the inclusion of new types of excitation
"true" V" and i'x'-1 excited orbitals as opposed to their pro- diagrams. but even the fourth-order double excitation part.

jection onto a limited space. This, of course, is closer to the EL , nsay frequent!%' have a larger ttagnitude than E,( = bP.

situation where numerical solutions are obtained as is the case This would seem to iniply an asymptotic behaviour to :he

in atomic calculations. In such calculations, the - potential perturbation series that could be a problei. lo-eser. the
is also a useful aid in performing the numerical integrations CCD model tends to support the validit. of the fourth-order
since the excited orbitals are constrained from being as diffuse approximation. In CCD one is sunning all double excitation
as V"' orbitals [61. diagrams to all orders and all the linked quadruple excitation

For the open-shell atoms in Table I a UHF reference function energy diagranis that arise froit the disconnected wave trutctioni
is etployed. Consequently these solutions are not an eigen- component I ,2T2 Io) plus their mutual coupling [141 . Since
functi on of spin. The mutlplicity computed from the transition this is done in an iterative fashion, convergence to the CCD

state formula, \oP)S '' . where PI' is the appropriate correlated result is observed. From Tables I and 11 it is further allparent

wavefunction are also gven. In each case tIe UIF function is a that DQ-%IBPT(4) and CCD are usually quite close.

good approximation to tie spin state with additional itiprove- The near coincidence of DQ-MBPT(4) and CCD is fither

ment obtained from hiieler-order perturbation corrections. By illustrated in Fig. 2, where a plot of the differences bes- ectt fhe

monitoring the multiplicity it this manner for open-shell cases, two approximations is shown for a wide variet\ of molecules
one can he confident that the errors due to sptn contamination at their equilibrium geotmetry. Since chiemical accurac\ i,

are not too great. In some cases, particularly for singlet states norinally thought to be -I kcal mole'- 10.043e\", there is
~Pht-sic'c Scozt'ra 21
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260 R e tet and D . energy) which is sufficient to make a qualitative assessment of
the importance of the quadruple excitations on the energy-l

The molecules in Table IV are arranged by the number of
electrons that are being correlated. From size-extensivity

- I arguments based upon noninteract electron pairs. one
---------- - -.expects the importance of the quadruple excitation contri-

butions to roughly increase with the number of electron pairs.
Other factors, such as the extent of localization, quality of basis
set, etc., also affect this trend, but this is basically what is

- ,, e, ,: observed from the present examples. The double-zeta basis set

Fig. 2. Illustration of the difference in the energy obtained by DQ- used for benzene is not capable of achieving a lot of correlation.
MBPT(4) and CCD for a number of molecules. In the cases where a mol- but a surprisingly large effect is still observed. Overall, the error
ecule is listed twice, a different basis set is used. In all cases the basis sets due to neglecting quadruple excitations in CI still amounts to
are at least of double-zeta plus polanzation quality. 4-20% of the correlation energy even for relatively small

molecules. In Section 5, it will be demonstrated that even an
little inaccuracy in using the DQ-MBPT(4) model most of the effect of 4% due to quadruple excitations. can still have a
time. At geometries where the theory is less satisfactory, such as definite influence on the accuracy of a potential energy surface

N, at some distance beyond equilibrium where a single deter- [19]. As a consequence, it is frequently unjustified to neglect
minant reference function is inadequate, a difference of such higher excitations in Cl, and either many-body methods or
- 30 kcal mole-i is observed with the CCD result being superior multi-reference based CI schemes, that would include the more
[491. Since the single excitation terms in fourth-order are not important quadruple excitations as double-excitations from
insignificant, one hopes that the SDQ-NIBPT(4) results will doubly excited reference determinants, should be encouraged.
also be similarly close to results obtained from a CCSD model In table 5 several MBPT,'CCD calculations are shown for
(i.e.. 'CCSD = e - t o jI . H20 in different sized basis sets. It is apparent that the principal

From the foregoing, it is apparent that the quadruple ex- effect of the basis on the correlation energy occurs in second
citation contributions can be handled within MBPT/CCM. The order. The next largest effect is at the SCF level. with third and
next logical question is their effect on the correlation energy. higher-order being affected by the choice of basis set only at the
The magnitude of this effect may be assessed by considering the millihartree (0.63 kcal mole -i) level. In fact, after second-order,.
difference between the almost coincident CCD or DQ-MBPT(4) there is little to choose between a good CGTO basis and a quite
energies and the energy obtained by D-CI. Some of these complete STO basis set. This is largely due to the fact that the
results are shown in Table IV. [Except for HO in the STO STO basis in this case correlates the core electrons much better
basis set where we have done the all doubles CI calculations, than does the CGTO basis, but the hieher-order terms are
the VPD-CI(2) model [141 is used for D-Cl. This is a variational- primarily valence correlation contributions. In the case of H-0
perturbation approximation to D-CI that is correct through good convergence is obtained even for the small (4s'p,2s) basis.
fifth-order in the energy. In all cases shown here, the VPD- but for N2 . for example. convergence is much better in a
CI(2) results should be within about a percent of the D-CI larger basis set.
correlation energy (for HO VPD-CI(2) gives 99.9% of D-CI

Table IV. Effect of quadruple excitations in C1

[(VPD--CI(2))-DQ-MBPT(41) Percent error in
(Kcal/mole) correlation energy

H.O (Ss3ptd/3slp) CGTO 6.2 4.0
H,Oa (Ss4p2d/3slp) STO 7.6 4.2
BH.6 (4s2pldl2slp) CGTO 10.4 6.2COb 5s3p Id) CGTO 12.7 6.5
HCN6 14s2p ld/2slp) CGTO 14.9 8.2
CO. b 5Ss3pld) CGTO 29.2 9.0
CH,CNb 4rp Id!2slp) CGTO 30.5 11.0
C.H.t (4s2pi2s) CGTO 63.6 19.6

D-Cl is used for comparison in this example.
Core electrons are frozen in these examples.

I Table V. Basis set effect on components of the correlation energy of H,0. (All energies in Hartree a.u.,

Basis ESCF E, E, Es  EP E, E D Q  DQ-NIBPTi4, CCDI4s2p/2sr1CGTO -76.0093 -0.1378 -0.0021 -0.0009 -0.0030 -0.0008 -0.0047 -0.1437 - 0!4a0
,Ss3pld,'2slp)CGTO - 76.0478 -0.2411 -0.0037 -0.0015 -0.0039 - 0.0022 -0.0032 -0.24t5 -
5s4p2d!3slp)

b STO -76.0642 -0.2818 -0.0032 -0.0020 -0.0043 - 0.0032 -0.0031 -0.28t -I

(Estimated SCF Limit - 76 0675) Estimated correlation enerp\ -,3 -c

0 Dunning double-zeta basis set l43 1. The results for the valence shell correlation energy in this basis through fourth-order have been reporzed t L3

6 Slater type orbital basis set of [51 I. These results have been reported in 19 1.
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4. Dissociation energies to study the borane containing molecules and the retl-

As discussed in the introduction, one of the primary advantages isocyanide rearrangement.rhese. along vkith ur ttudies of
of many-body methods is their size-extensivity property. This molecular hyperpolaritzabilities [351. are the largest basis NlBPT

01 ~calculations whichi have been tmade. As mentioned in Sectiotn
property is a consequence of eliminating all unlinked diagrams avetios id haie sem Ar erin bste
in the energy. This feature has the corollary, that the dissociation even though good basis sets still permit large errljr% in absolute

eneries, energy differences cant be expected to be much better.
of closed-shell molecules into closed-shell fragments is also This is illustrated by the results of Table VI O course, the best

I ~ ~size-consistent in Pople's de1tintion, that is lima E( AB 1 = reltwodb w nthfwstods rkn

AB- results would be expected when tie fewest bonds are broken.
E(A) -+ E(B). If open-shell fragments are involved, then in the hir Table VII are computed the dissociation energies for tile

case of a single determinant reference function, a UtlF function molecules is Table 11 obtained tor decomposition to their
is usually necessary to ensure correct separation. This imposes atomic constituents. The errors in this case vary from - 20 to

a second requirement in addition to using the linked-diagram 80kcal mole -  or about 5 -20' .7 These are compared %%ith
theorem to obtain size-extensive and size-consistent dissociation results obtained froma the VPD-CI(2) method. Even though the
to open-shell fragments. VPD-CI method is not sitze-extensive, and one would normall.

Several thermochemistry results obtained by our group prefer to ,,btain dissociation energies in such a CI model b'
[25, 28. 291 are listed in Table VI. In all reactions except the doing a super-molecule calculation for the separated species, the
decomposition of HCO, closed-shell species are separating into differences in the computed dissociation energies are not that
closed-shell fragments. Except for tie isonierization energy of much poorer than that obtained by the various ian .body
WNC. it is apparent that the agreement with experiment is models. Agreement may be further improved b\, converinug to
excellent. In fact. the calculations are sufficiently accurate that the D-CI result.
we question the experimental value for IINC - IICN rearrange-
ment which will be the subject of another communication [501. 5. Potential energy surfaces

The basis sets used in these calculations are double zeta
augmented by polarization functions (for HCO a somewhat The next important question to pose about many-body methods
larger basis is used.) At this level 60-70 functions are required is their reliability for potential energy surfaces. Just as III the

Table VI. Comparison of thermochemnistrv results obtained by SCF and MBPT with experimett /.A.I basis sets art, 14s2pld 2slp,,
except for HCO where a (4s.pld '3slp) basis is used!

- AE (kcalmole)

Reaction Method SCF MBPT,'CCD E\periment

2BH - B:H. a  SDQ-.MBPT(4) 18.5 35.6 36.6 t 2d

BHI, - CO - HBCO a  D-MBPTt4) 8.0 20.5 20.4 t 2d

BI, - Nil, - HBNIfI a D MBPT(4) 20.5 30.1 -
HNC - HCNb1 SDQ--MBPTi4) 9.7 14.7 10.3 I1e

IINC - [fH.lb SDQ-MBPT(4) - 34.6 - 30.9 -
CH ,NC - CH ,CNb SDQ-MBPTI4t 19.2 22.8 23.7 0.14f
Ctl,NC - [CH-ci b  SDQ- MBPT(4) -44 -40 - 38.41?
It - CO - tCO c  CCD 4.8 13.7 15.7 1.5"
tfCO - [tlCOIc  CCD - 12.8 - 18.2 -

a Reference 1291.
b Reference 1 25). Square bracket indicates a transition state. This result includes a 4 kcal/molc zero point correction for the transition ,tate
c Reference [281. Square bracket indicates a transition state. This result includes a 4.8 kcalimole zero point correction for the transition state
d Fehliner. T. P. and Mappes. G. W.. J. Phys. Chem. 73. 873 11969),
, Maki. L. (unpublished results).

Baghal-Vmyjovec. .I. H.. Collister. J. L. and Pritchard. H. 0.. Can. 1. Chem. 55. 2634 1197").
Schneider. F. W. and Rabinovitch. B. S., J. Am. Chem. Soc. 65. 1794 (1969).

h Warneck. P.. Z. Naturforsch. A26. 2047 (1971).

Table VII. Predicted dissociation energies, D, front different methods (energies are kcal/mtole 11

Method CH, NH, HO CO. CO CO: -C0 0

SCF 324.71 195.20 151.14 240.22 170.19 70.03
IBPT2t 397.06 272.11 217.40 349.70 232.82 116.89
MBPT 3 399.76 270.64 213.66 315.04 214.01 101.04
D MBPT14i 399.90 271.54 214.66 317.63 215.91 101.73
SD-%IBPTf 4) 400.38 272.20 215.35 324.41 219.89 104.53
SDO -MBPTi4) 399.25 271.16 214.77 321.11 218.30 102.82
DQ-MIBPT4 398.74 270.41 214.07 314.31 214.30 100.01
(CD 398.10 270.63 211.83 308.82 210.94 97.88
Expb 419.49 297.25 232.37 388.68 258.85 129.83
VPD-(12) 392.75 264.84 209.38 288.05 202.97 85.08

a Dissociation is to ground state atoms in each case. CH, - CPI - 41i 'S). except where indicated others ise
b Reference 1591 Also JANAF Thermochemical Tables. National Bureau of Standards

P/tsica S'ript 21



T
262 Rodney J. Bartlett and George D. Purvis III

S. .Table VIII. Comparison of predicted geometries o fhe ;irrni
" ." _radical HCO) with experiment

-. '.RCH A) Rc O A, ,,Degrees

.RHF 1.098 I 188 130 0
UHFb 1.099 1.157 126,8
D-BPT(4)b I 111 1 188 124.0
Experiment c  1.125 1 15 124.95

. a Bruna. P. J., Bunker, R. J. and Peyerimhoif, S. D.. J. Mol. Structure
S"" "32,217 (1976).

Fig. 3 Percent deviation of theoretical from experimental values for the bReference 281

equilibrium geometry ileft scaleS and force constants rght scale) o Brown. .and Ramsey. D. A.. Can. 1. Phsacs. 53. t2h2 19-1
water molecule. Experimental values are from Hoy, Mills. and Strey IMol.

Phys. 24. 1265 11972)) and, %here available, from the revised fit by Hoy [191 . Hence, the slightly better agreement with expernent )I
and Bunker 1J. Mol. Spectrosc. 74. 1 i19'9)1 Theoretical methods D-MBPT(-) tends to be a result of some error cancellation
employed are Hartree-Fock iSCFS. all single and double excitation con- [19]
figuration interaction SD-CI), and the many-body perturbation theory
,MBPT) methods: at third order iMBPT(3)I. at infinite order including The current results, though certainly iot definitive. are
double excitation type diagrams only iD-MBPT(- ). and coupled cluster strongly suggestive that the inclusion of some effects of quad-
doubles 4CCD. Technical details of the methodologies axe given in 141. ruple and higher even ordered excitations as in the many-body
Agreement between theory and experiment is best for points located methods, CCD, SDQ-.',lBPT(4), and D-MBPT(l), is important
nearest the central horizontal line. in obtaining highly accurate potential energy surfaces even near

equilibrium. (This is not an isolated observation since even
case of dissociation energies, relative energy differences are Davidson's CI estimate of the quadruple excitation contribution
important and one hopes that calculations in sufficiently [55-58] has been found to have an improved effect on 'oten-
flexible basis sets will benefit from substantial cancellation of tial energy surfaces [51, 601 ). To some degee, .his may be
the innate basis set error. However. unlike dissociation energies understood by recognizing that quadruple excitations like
where only a few points are required, the detads of the shape (b 2 )i!a 1 )r -b a0a, )(2b 2 )2 are required for proper dis-

and curvature of the surface still place stringent requirements on sociation of H.O into Oi'P) and 2H(S) [521. and this effect.
the basis set due to the fine energy differences that ,occur among is apparently felt all the way into the well of the H-O surface
the many computed geometries. [191.

In our work, we have studied two triatomic energy surfaces The decomposition reaction of the formyl radical. HCO -
119, 281 in depth and various diatoric potential energy curves H -, CO has also been studied [281. including a determination
[14,26.27,49]. Of these, our study' of the H:O molecule [19] of the transition state and an estimate of the rate constant for
in a very good Slater orbital basis set (Ss4p2df3slp), defined by this system [28. 61 .This differs from the H:O example in thal

Rosenberg and Shavitt [51] .is particularly informative. The the formvl radical is an open-shell species and one is interested
objective of this study is to investigate the quartic force field in the surface all the way to dissociation. For both reasons. it is
of H2 0 with CCD, MBPT, SD-Cl, and SCF by performing useful to use a UHF reference function in this stud..
calculations at 36 points, involving symmetric and asymmetric Potentially, UHF functions have a number of problems. Be-
geometries [19,52] . All points are located within the zero sides their failure to be spin eigenfunctions. they ma. also con-
vibrational displacement. verge to different symmetry broken solutions at different

The results of the prediction of the bond length and bond geometries sometimes making it difficult to use these functions
angle and several of the quartic constants for HO are illustrated in surface studies. In the case of HCO where only the single
in Fig. 3 [19]. The center line represents the experimental bond is broken, this turns out not to be much of a problem,

values as determined by ticy, Mills, and Strey [531 , and as however.
revised by Hoy and Bunker [541. It is apparent that the trend The full surface is studied at the 'evel of D-,IBPT(4i with
in the errors is typically SCF > SD-CI > \IBPT(3) > CCD > CCD results being determined at certain critical points. As :n

D-MBPT(-). Had the SDQ-MBPT(4) results been included on H2 O [191 , only minute differences between D-MBPT(4) and
the figure they would typically fall between CCD and CCD were observed in this example ["8] . tin more complicated
D.NIBPT(o) [191. cases where one determinant is not a good zeroth-order

The determination of force constants from analysis of the approximation. CCD and D-MBPT(4) can differ more

infra-red spectrum and the subsequent normal coordinate significantly [l.a I).
analysis does not always provide an unambiguous force field. We find that for the full extent of the surface the D-MBPT;-)
Hence, better agreement with experiment does not necessarily corrected multiplicity varies from 2.000 at infinite separation of
imply the superiority of the many-body methods to SD-Cl. (The H and CO to 2.02 at the saddle point, decreasing somewhat as

most appropriate comparison would be the full Cl in the speci- one moves toward tile equilibrium structure of the radical. As
fled basis set.) Furthermore, in rigor, CCD should be superior to in the case of HO. the geometry of HCO shown in Table VIII
D-MBPTlc). but the neglect of single- and triple-excitation dia- obtained by the "relatively simple D- BPT() model tends to 'e
grams in the CCD model, which would lower the energy com- in excellent agreement with experiment [2'].
pared to CCD, would result in energies much closer to those One final example illustrates the important deficiencies Ot
pven by D-MBPT(oo). This is also supported by the observation the current single determinant reference function .MBPT CCNIthat SDQ-MBPT(4) which includes the single excitation effects. methods. It is well-known that an RHF function ivll not

is usually in a little better agreement with experiment than CCD separate correctly at large R for the vast majonty of molecules.

l id . . .. . ... . ... .. . .. . , _ . .. . ...
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A proiblem I) Ithis type demands vomtte type )I mnu lire terence
tutnction based rmaim-body approach as developed by Biatidow
136]! Lindgren [371 and others (381j As thle V: triple botid
hegins to break, tnore thant otie configuration tin a( I descrip.
tiors ) becomes quite Itrportamnt in the h avelunlction, and itese

extra conftigurationrs cannolt justitiabl% rhe treated by pertuit

bation theory - Preterablv . all the cotiturations that Lire re-
- - *~----.~.quired for proper dissociattoni t N, . x should be included

itt a refe- rence (model) space, of p diension. with the re-
ttaittder cotntributingi as tire projecriotn mrattifold of pert urbatiort

-- theory.

T1 ere are two iterrelated problems witl) this toultirefrtence
*.approach. Sitnce each of the p, elements of the effecTIve

Haindtottian ttatrix requires a conmputation rouidiN' equal oi

full NIBP'T (CCM calculation with a sittee reterence'. rte cornipu.
ratiotial difficulty rises rapidl\ the more coniurations hatj

F-ie 4 1, ttt and Rilt N. potentiaf enerev curves corripazed ito exper. treed to be itncluded its tile model space Also. it Ae cotlsivle!

mnen t The nima Lt the curve, are ye peril p-ed. File Ut1it curve is polva toirric rmolec ule air iiWattt to etir plo, all tile ittl 1ti a
It)%% er in eiiert, tha taile Ril curv a.t ll needed to obtain correct separation for all piossibl Ic ci ttt in

sition channels. tire dinrension, p. can beconte quite anteC.%0

(have pursued a Somewhat differentr approach to this promI'e
whfich is described its a contrributiont to be published joic I.

6. Dipole moments. polarizabili ties. and hy perpolarizabili ties

/ To address tite question of \IBPT ( D studies ot inrpeties

a otfter titan tile energy. Ase taive investigated tile depcrrdetrcc ini

a Inolecule t .r ir ox teriral electric fleld J JTire e xpanio ,Ir
/ tire energy itt an e .tric field E. is

S. Isi~~~~~fWE 151RI) -pE -1FLI, - I 30 1 ,L

SunSummatiorn over repeated indices is assratted. Thre coetficients in
- - tis expansion aire tire dipole troirtert, w. tire polarizabil it v ten:.

sor. a. and the secolnd- and rirird-lirder I lrrper I polartzahitlics.
patd y [63J

Jti. ittI and ( Rill- D-.%tBPT(6 I and i Rift i (CD potential enerev Tire imrportantce of w and a in mlolecalar threory is weill-knnrr
cuirves lor N:. ITte mnimra ot the curves are superirpnseif Tire whnile tire P and y lrx perpolarteabiliries are ultriratel\ respontslhl
D -\thPribi corretatei L [IF curves are higehet in energy than th

M)SBM61 h Rit curves between R = 2.0otir an;::27toh.Tr for tire nronlitnear optical effects of mo1leCulies [63,' I The most
iI It j-(C I resalt extends the retiabitit) ot the curve over tfle iI H in triguing i aspect Of tire Latter quoatitiies. IS thfrat rte torFI inca -
D-\tI5Prl6i approviltiation to somewhat tarnnr R values. optical effects catr be exploited to mrake art at~llicin Mrorilecuilar

gas frequetncy rultiplr laser radiation. As suchr. a knrosioedge of
and consequently, as a reference function for MBPTCCkl. tis lirperpolarizabilitics (preferably . as a function of treqluencx I.
itncorrect behavior must eventually mntifest itself. A UHF wave- call contribute to a nsuitber of potential laser dev ices of unirtlisa

function will generally. (but not always) separate correctly. but capabilities. The P and y tensors cats be deternrined h% cxrer.
frorm spin contanminatton and otlher probletms associated withs intents emnploing seconid- atnd tilird-llarsssltrlC 2eteratiort tech-*
different broken symmetry solutions, thse U1HF function nray triques [641. and by usingc tire Kerr effect (651. vevr tireI exhibit incorrect behavior on its path toward separation. Tis. experliments are difficult, tire ratre of ritcertairt is larze. antJ
too can persist even with correlation included. in nirany cases values for P atrd y determrined b\ different e xper.

These features are illustrated in thre N, potential curve shown inretal techsniques differ rnarkedly- . withr even opposite slertsI ~ ~in Figs. 4 and 5 1491. The mninitmunm of the curves are super- obtained in tire case of tire ~3 =f,3... I 3
i1v-.3. lxPerpolar.

imposd to illustrate tire differences as tnuch as possible. The izabilityv finr sot ie tmolecules [64b].

ps iniutiplicitv of tire U1HF N. solutions is found to be -3.5 A first pritnciple prediction of quanstities likeir cplr.I ~ ~even thmoughr a singlet state is desired. Tis is indicative of an abilities places extretme detmarnds Ott all\ quanrnrir rrclanreal
enormous cnaiainfo th o-intrpe.quitet and rmethoid. Since these quantities. urnlike thre emrerg\ . depenldli

pe states. From Fig. 5. ii is evident thmat thIs curious be- the long-ratnge beitavior ins tire citarace densit " . ,real care lrtuvt ;,e
hvorof the U1HF solution persists into the correlated calcu- taketn to generate a basis set thrat cats adeqsiatel% describe rlrtsI'

lation. Whereas tire correlated RHF calculation gives quite good regiorn. Also. unlike a. few bormtdirre properties cart ,e risefrili
airreement with the experimental curve as far as it cats be ex- applied to thre hitgher polarizabilities. Firrally . correlatin
pected to apply, the UHF correlated calculation shtows almost a expected to be crucial to deteriie tire setrutrise diffcrerrcies rtr

reverse curvature oinly becioting reasonable tnear the separated time chrarge detnsities that are requmisite Itl a predtcinve rtreor% of
ain 'itr ... highrer polarizabilities.
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Employing the Hamultonian, Table IX. Dipole moment, po/arizabtlitv. yvperpolan:ablhtv',)
HF/basts /bsp4d,'5s3p, all results are in atomic units/

H = h) i- V'(i) - ri) E) " 3 'i,) - 
- V(u ) (9)

I >) CHF SDQ-MBPTi41 l xperiments

H = H.)(E) - V1 - Vv"E) = Hl(E) + VIE) 10) ,4 0.758 0.709 ).0 "a

, = I 3ic._ - - zzp 4.89 5.58 5 52the energy in the presence of the field is given 1.28 .21

M¢J(E) = IVCHIE d dzzz 4 zxx -Jky,) -8.5 -19,9 -
I"l) = IV HF() r zzz 280 390 

(4o(E)II'(E)[tEo(E) -Ho(E)) - t (E)Il~ o(E)), yyzz 80 140
'~t I [ HE( L a Muenter. J S. and Kemperer. W . J. Chem. Phys. 52. b033 ,19"0),

(11) b Werner. H. J. and Meyer, W . %lol. Physics 31. 855 1 19761 Zero-Pr:n
The quantity. lVCHFIE) is the coupled-Hartree- Fock result. Correction tO re included.

Equations 19-11) can be solved by conventional perturbation C Muenter, J. S.. J. Chem. Phys. 56. 5409 197 1

theory where all quantities including the V v potential are

expanded in a Taylor's series in the external field. Considering
an &(E) in this manner, one obtains the so-called coupled correlation, more than doubline the CHF result. Similariy,. he

perturbed Hartree-Fock (CPHF) result [66, 671. The additional components of - are increased by 407 and 75Z. It is apparent

correlation effects would have to be evaluated by considering that correlation is absolutely crucial to a predictive theory at
the classes of diagrams w ith one, two. and more interactions with these quantities.
the e fieAs if oneu thi doue eration It is encouraging that the SDQ-MBPT(4) model seems to be
the external field. Also, if one uses this double perturbation rather accurate for g and a in mtis example. It is well known
approach, one would have to distinguish between the CPHF that the single-excitation contributions to properties other than

diagrams and the true correlation diagrams n the linked, the energy are quite important. This is also true in the present
ara ep ni [67]. case. The bulk of the single-excitation effects is included !n the
Alternatively, finite field techniques may be employed whereintaCH reusinhepsntproc.iceishwnb• - -initial CHF results in the present approach. since as shown 'o,,

the HF-SCF equation and the linked-diagram expansion are Caves and Karplus. CHF (or CPHF) sum certain categories t"
evaluated, at several small ('mite-field strengths, from which single anddouble-excitation diagrams i the double perturbaton
numerical differentiation provides thevarious components of the approach to all orders [67 . Even so. the residual effects of the
d ei l dif ren t a in po l r idil es . nth e a tterscm so e ntsth e l p r a h t i r e s ( 7 . E e o h e i u l e f c s o 't

dipole moment and polarizabilities. In the latter case, the sol- single excitation diagrams appearing in the fourth-Drder energv
utions of H,(E) at various field-strengths provides the coupled- are still significant [35]. On the other hand. quadrupoie cxc:-

Hartree-Fock result, which is equivalent to CPHF [681. The ration diagrams make almost no contribution to these rroperties.

correlation corrections can be added by evaluating the linked. A superior model to SDQ-MBPT(4. is probably a model such as
diagrams as shown in Fig. 1, but now subject to field dependent SD-MBPT() or even CCSD that would include the on:r:-
orbitals. (Note. since all finite-field orbitals are still determined bution of such sinele excitation terms tc ail orders.
in the appropriate V'v(E) potential, the associated Hartree-
Fock cancellations still apply, so no non-Hartree-Fock diagrams 7 Conclusions

need to be evaluated.) The finite-field procedure has the advan-
tage that all the coefficients in eq. (8) can be obtained simply We believe it has been demonstrated that .MBPT CCM can :'e
by making enough finite-fieid energy calculations. This permits usefully employed in a wide variety of chemically interest,

using the programs and methods developed for the usual corre- problems. Within good CCTO or STO basis sets. get-tcs . d
lation problem which usually offer a more sophisticated level local force fields may be predicted very accurately in most c.sss.
of treatment of the correlation than would be convenient to Some properties other than the energy can also be obtained to a
develop for each order in an external perturbation. Also, there is high degree of accuracy. Dissociation energies in the exa::n'les
a natural dichotomy into HF-SCF and correlation effects. The described and others not yet published [701. can bt' e\zpv_ u
disadvantage is that several different finite-field values need to be highly reliable if onlv a sin-le bond is broken. lecom:tnr -
be considered to obtain the components of the various tensors. so when'comparable dissociation to atomic fragments :s tcuar-
and. of course, one must maintain high numerical accuracy in In the latter case, however, the largest error is due to ba*is set
every stage of the computation in order to obtain meaningful defects rather than any inherent weakness in the methods.

numerical derivatives. The most glaring failure of MBPT'CCM as implemented in
In Table IX some results for the HF molecule are displayed. this paper occurs due to the inapplicability of a single determi.

These are the first correlated studies of hyperpolarizabilities nant reference function. This is the problem in the N: example
which have been reported [351. The very large basis set cited, and will remain a problem for a number of potential

i6s5p4d, 5s3p) was chosen essentially by following the prescrip- curves when multiple bonds are broken, in some excited states.
tion advocated by Christiansen and McCullough [69] who used and for the general open-shell case. The most encompassi,:
this scheme to obtain contracted Gaussian orbital basis sets solution to this problem lies in multireference based man%.too,,
which provided good agreement with completely numerical methods [36-38]. A new approach of this type '.hich has man:

coupled Hartree-Fock calculations of gz,. czz. and Y:zzz. desirable features is descril:-, in a forthcoming paper [-'i.
With our basis set, agreement with the numerical CHF results in

almost perfect for g, and a. within 3% for 3, and 1% for Acknowledgements

Yz....[35].
Correlation at the SDQ-M3PT(4) level has a significant effect We would like to express our appreciation !o our Co-,orkers I Sopirt:. L

on u and cf. bringing the results into very good agreement with Redmon. G. Adams, and G. Bent for their comments and the: astance
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ABSTRACT

The coupled cluster singles and doubles model (CCSD) is derived
algebraically, presenting the full set of equations for a general reference
function explicitly in spin-orbital form. The computational implementation
of the CCSD model, which involves cubic and quartic terms, is discussed
and results are reported and compared with full CI calculations for H20
and BeH 2. We demonstrate that the CCSD exponential ansatz sums higher-order
correlation effects efficiently even for BeH 2 near its transition state
geometry where quasidegeneracy efforts are quite large, recovering 98%
of the full CI correlation energy. For H20, CCSD plus the fourth-order
triple excitation correction agrees with the full CI energy to 0.5 kcal/mole.
Comparisons with law order models provide, estimates of the effect of the
higher order terms TIT 2 , TJT 2 , Tj, and Tj for the correlation energy.
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I. INTRODUCTION

Recently, a number of applications of many body perturbation

theory (MBPT)(I 4 ) and coupled cluster methods (CCM) (5 8 ) to the ab initio

calculation of the electronic structure of molecules have been reported.
(9)

These applications have restricted the full MBPT/CCM model to a fixed

level of perturbation (e.g., third or fourth order as in D-MBPT(3) and

SDQ-MBPT(4)) or to including all orders of the class of double excitation

cluster operators as in coupled cluster doubles (CCD), or (poorer) the

linearized L-CCD(= D-MBPT(-)) form. The methods implemented usually

presume the use of Hartree-Fock orbitals, although this is not necessary.

Here we report the derivation and the computational implementation of the

full CCSD model. The method, as implemented, uses any orthogonal set of

orbitals and is not restricted to Hartree-Fock orbitals. In particular,

it is possible to use symmetrically orthogonalized bond orbitals instead

of Hartree-Fock orbitals and to take advantage of the concomitant reduction

in the number of molecular integrals in larige molecules which results from

the more localized structure of the bond orbitals. Additional applications

for non-Hartree-Fock orbitals, such as optimizing orbitals so that the

energy becomes stationary, are easily envisioned.

There are a number of reasons to recommend the development of

the CCSD method as a basis for what Pople calls a"theoretical model

chemistry."'(1Oll) These criteria propose that a method(l) should be "size-

extensive," which means it scales properly with molecular size:

II
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1 (2) applicable to a wide range of problems within a single framework;

1(3) invariant to classes of unitary transformations; (4) efficient; and,
(5) able to correctly separate a molecule into its fragments.

1CCSD is a many-body method built upon the linked-diagram theorem.

I Hence, it is size-extensive; and, in particular, CCSD gives the correct result

for the characteristic problem of separated electron pair bonds as in a

I lattice of N noninteracting H2 molecules. As long as a single determinant,

which need not be a restricted or unrestricted Hartree-Fock function, is a

reasonable starting point, CCSD is applicable to most problems without

modification or special symmetry conditions.

Furthermore, CCSD is invariant to any transformation among the

excited orbitals or the occupied orbitals, respectively. CCSD is not

generally invariant to transformations that mix occupied and unoccupied

orbitals among themselves. However, for the special case of noninteracting

separated electron pairs, it is even invariant to such general transformations.

I{ This follows from the fact that CCSD is the "full" CI (i.e., all possible

contributing n-tuple excitations of n electrons) for such a model problem.

Since interpretations of chemistry are largely based upon the concept of

Iseparated electron-pair bonds this is a very desirable aspect of the

j CCSD model. In a real molecule, different choices of the molecular

orbitals will give different energies, but we would expect a smaller

effect due to such transformations for CCSD than in less complete models.

I It will be interesting to see if localized orbital models will be

approximately invariant.

I The condition of efficiency also recommends CCSD since the

treatnent of the electron correlation grows no more rapidly than the sixth

power of the number of basis functions, M6 . Thus, CCSD involves no more



3I
coefficients than the configuration interaction single and double excitation

model, SD-CI; and, in principle, it is no more time consuming. This is

true, even though CCSD includes contributions of quadruple excitations,

as well as additional parts of the triple and higher excitations that

arise due to disconnected products of single and double excitations. Any

attempt to exceed the CCSD mcdel by including higher categories of excitation

operators such as the connected triple excitations, T3, will invariably

result in a model where the number of operations would asymptotically rise

more rapidly than M6.

The condition of correct separation depends upon the reference

function as well as the degree of correlation included and generally

requires the resolution of degeneracy problems. Full CI with a single

reference function obviously separates correctly even for poor choices of

reference function. For less complete correlation models, the relative

importance of the reference function and the correlation corrections is not

yet determined, often recommending multireference techniques. A single UHF

function will, in general, separate correctly, though it can suffer from

large amounts of spin-contamination causing-an erroneous behavior of a

potential energy suface. With any choice of reference function, CCSD will

certainly go farther toward achieving correct separation than SD-CI, so we

might expect a higher level of applicability. For example, CCD is known

to correctly handle some severely degenerate problems!12'13) and in this paper,

CCSD is similarly shown to resolve two highly degenerate problems without

resorting to multireference function techniques. Consequently, CCSD offers

a potentially attractive model for a "theoretical model chemistry" that can

often even achieve correct separation or resolve some kinds of degeneracies

despite employing a single reference configuration.

.I
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In the following section we will review coupled-cluster theory

and the singles and doubles approximation. Section III summarizes the

CCSD equations and Section IV sketches the method of implementation.

Finally, Section V compares CCSD calculations at the double zeta level

on H2 , H20, and BeH2 with full-CI calculations.

I!

1 . _
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II. THE SINGLE AND DOUBLE EXCITATION APPROXIMATION IN COUPLED CLUSTER THEORY

Coupled cluster (CC), many-body perturbation theory (MBPT), and

configuration interaction (CI) are methods designed to solve the Schrddinger

equation, and consequently, all can be interrelated. The primary difference

is in how higher order excitation configurations are handled, with the con-

sequence that many-body methods are size-extensive. In particular, CC theory

can be viewed as a way to sum certain categories of many-body perturbation

theory diagrams to all orders. While such a viewpoint has advantages, we

will discuss the CCSD approximation from the viewpoint of an exponential

representation of the exact wavefunction. That is, we will write the exact

solution to the Schr6dinger equation as an exponential of the cluster operator

operating on a reference function,(7)

Texact : CC e o (0)

where 00 is a single determinant and T is a cluster operator which is

usually separated into one-body, two-body, etc. cluster contributions.

T =TI + T2 + T3(2)

The various parts of the cluster operators are represented as expansions

of second quantized excitation operators and the problem of determining T

is reduced to the problem of finding the expansion coefficients of the

second quantized operators. For T, and T2 ' the expansions are

T Z t a a (3)1,a a

_I .
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and

z tab at a at a (4)

2 i>j

a>b

where we have adopted the convention that the lower case Roman subscripts

(superscripts) i, j, k, e, ... (a, b, c, d, ...) refer to orbitals which

are occupied (unoccupied) in the reference determinant. The undetermined

coefficients are {t} and {tab} while {ata and (a a ah.a. are second auantized
1 13 aii a nI b s

sets of single and double excitation operators, and t is antisymretric
13

(i.e., tab = -ab : -t ba =b
ij = i ij ji,The chief advantage of CC over CI can be easily demonstrated by

using the expansion of an exponential operator,

e. + 2 +I~ + (5)
e =2 T 6

to bring the CC cluster operators into a formal correspondence with the CI

excitation operators. In the CI method, the exact wave function can be

written as a linear combination of excitations from a reference determinant.

'exact CI + 6 1 +C + 2  + N o (6)

where C. is a sum of i-fold excitations with coefficients which must be1

determined. The correspondence between Cis and T.'s is established by

using equations (2) and (5) in (1) to produce an expanded equation

I (l+ + + T3 + + 1 2 2

e 1  2  3 2T 1  1 2  2  o

(7)
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I Terms with the same total excitation level are collected together and equated

to the CI coefficient of the same excitation level. For example, the CI

quadruple excitations. C4 , correspond to the following sum

C4  T4 
+ =T + TIT3  T +  T2 ! T, (8)

Thus, CC can be regarded as a way to decompose CI coefficients into other,

possibly more physically meaningful terms. (14)  In the case of quadruples,

a substantial body of work has indicated that the largest component of C4
I^2 (:comes from 2 in equation (8). 14-16) From a computational point of view,

this is an important observation because the effects of T can be included
2

using algorithms where the work is proportional only to the sixth power of

the basis set size instead of proportional to the eighth power of the

basis size.

The CCSD method is an approximate CC method in which the exact

wave function (c.f. equation (1)) is approximated by truncating the expansion

of T (c.f. equation (2)) after T2. Thus,

exact z ICCSD = e 1 (9)

IThe coefficients which must be determined are just those given in equations
I(3) and (4), and the number of unknown coefficients in the CCSD approximation

equals the number of coefficients in SD-CI. Thus, the level of computational

effort required in the CCSD model is expected to be comparable to the level

of effort required for theSD-Crmodel. However, as indicated in equation (8),

the CCSD approximation incorporates parts of the CI quadruple excitation

i terms, namely, -=T2 T T, and i
terms,~ namly 1 3. 4.an1 ±~and it does so more economically and1 22 4 1
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compactly than a SDQ-CI calculation can. There is evidence based upon

perturbation theory, previous calculations and physical grounds that the

single missing term, T4 ' is usually not needed to achieve accurate

calculations. (14-18) In addition to including the effects of Cl-type ouadruple

excitations, the CCSD model also incorporates some of the effects of triple

excitations. Associating C3 with cluster terms, we find

C3  T3 +T 1 2  3 . (10

Thus, the CCSD model incorporates the TIT 2 and T1 components of CI type

triple excitations. Unfortunately, when Hartree-Fock orbitals are used,

perturbation theory indicates that the dominant contribution to C3 usually

comes fromi ~(16-21) which is not included in the CCSD method. On the other hand,
3'

if non-Hartree-Fock orbitals are used, so that Tl is large, then the dominant

contributions to C can come from TIT 2 and T. In practice, we have found

that these terms do become important in bond breaking processes which one

is usually tempted to describe with a multireference approach. They seem

to remain unimportant for simple closed-shell molecules at their minimum

energy geometries. As in the case of the C4 components inherent in CCSD,

the disconnected C3 components can be computed with algorithms in which the

work is proportional to the sixth power of the size of the basis set.

r.
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III. CCSD EQUATIONS

The procedure for deriving the CCSD equations have been

previously reported in diagrammatic form (7) and approximations to these

equations in orbital form,(16) using elegant and compact notations.

In some cases the reported equations have been restricted to Hartree-Fock

orbitals or approximations were made in the equations. In this section

we present the complete set of equations satisfied by the coefficients

which define T1 and T2 in the CCSD method. These equations are applicable

to any set of orthonormal spin-orbitals. In particular, the equations are

applicable to RHF and UHF as well as non-Hartree-Fock reference determinants.

The equations are derived algebraicly for this work using the conventional

procedure beginning with the Schrodinger equation

(H - ECCSD) TCCSD = (H - ECCSD)e T I+T
2  (1

a a ab
and projecting onto a set of functions, <0 , {<.i, and {<i t, such that

a set of equations sufficient for determining the t, and ti  coefficients

results,

0 _( H - E: 5 0) e 2 D 0 > 0 
( 1 2 )

T 1+T72(3
< al(H - ECCSD)Ie T 20> = 0 for all i, a

- E T1 +T2%> = 0 for all i>,j, a.,b (14)ii " CCSD) 0

Next, the exponential is expanded using equation (5) and, 
using the fact

that H contains no more than two-electron operators, we have
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<o H - ECCSjD I+T+T 2 

4 T'1%> = 0 (12a)

a. 1 2 1 3 1a< iH E (I+TI+T2+fT+TIT 2 +-- )o >  = 0 (13a)S CCSD I 11 2 3 1 2 TlT

ab, 1 2 IT22 1314< j ,H E CCSD i(I+T 1  +T 1 T T2 T f T 31TI +4 T ) " 0 0 ( 4a

Evaluating (12) in terms of the amplitudes t and ta, then givesi tijtegis

ECCSD = o + Z f .ta +  Z <ijjlab> (tab + tat. - t eatb) (15)
CCSO 0 0 ia ia i jji

a>b
. (I-P 12 )

where fi E <jHI > and <ijab>= :(1)yj(2) a(1) b(2)dT d&
i i 0 'r3( )l r12

j Finally, equation (15) is substituted into equations (13) and (14)

causing terms, which would make unlinked contributions to the energy, to

cancel and eliminating the explicit E dependence of the t coefficients.

Ihe other important step in the derivation is to observe that the T1

equation may be factored from the equation for the T2 amplitude,

as discussed more fully, below. Evaluating the resulting second-quantized

t matrix elements with KOMMUTE(,17 ) a computer program for determining

matrix elements between determinants, and carrying out the above

simplification results in the two equations satisfied by the amplitudes

in T1 and T2 " These are presented in Tables (1, 2, 3). After solving i
the equation of Tables 1-3 the energy is given by Eq. (15).

An important aspect of the coupled cluster equations, in general,

and the CCSD equations in particular are their fully "connected" diagrammatic

form. All unlinked diagrams (diagrams that contain a closed disconnected



I

II

part) cancel with the energy in Eqs. (13-14), thereby ensuring the size-

extensivity of the model. (18) Disconnected diagrams (diagrams that have

open disconnected parts) would still remain in the general case. However,

Lindgren (18 ) has proven that in coupled cluster theory, only connected

diagrams need be considered for the various Tn amplitudes. This feature

becomes transparent in the direct algebraic derivation oresented here, since

all disconnected diagrams Thtained in the straightforward evaluation of

Eq. (14) correspond to a single particle amplitude, ti multiplied by the T

equation of Table 1, which, of course, vanishes. Diaorammatically, these

disconnected terms are of the form

where a T1 amplitude is signified by b and a T2 amplitude by

0

A recent thesis by Cullen, (19) presents the diagrammatic deviation

of the CCSD equations with a thorough enumeration of the diagrams.

1i
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Several points about the expressions for the T1 and T2 amplitudes

should be made. First, at this point we have not yet prescribed a method

for solving these equations. Second, the equations are nonlinear and coupled,

a featur they share with the Hartree-Fock or MCSCF equations. Third, the

equations are o,-tic in T but only quadratic in T The quadratic non-1 r

linearities are similar to the nonlinearity that is implicit in the CI

secular problem (see Appendix). Although the quartic nonlinearity can be

a problem, anyone who has solved Hartree-Fock on MCSCF problems is unlikely

to be deterred by the comparatively low level of nonlinearity in the CCSD

equations. A fourth feature is that the computational effort required to

evaluate each amplitude grows asymptotically no more rapidly than the sixth

power of the number of basis functions. In a system with n occupied orbitals

and N unoccupied orbitals the CCSD computation time for very large basis

2 4
sets and many electrons will grow only as n N , which is the same as for

SD-CI. Enhancements to CCSD incorporating all excitations in a class of

higher excitations (e.g. T3 ) will result in algorithms in which the time
(20)

required grows as tne seventh power of the size of the basis.

The final point to be made concerns the form of the equations for

the T2 amplitudes in Tables 2 and 3. These equations have been written in a

form which emphasizes the similarity between T and 1 T1  terms. Thus, it

is possible to implement terms containing TI using subroutines already

written for T2 terms.

I
I
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IV. Implementation of the CCSD Method

At the time when we reported implementing the CCD model! 2G) we

briefly outlined the procedures we used for solving the nonlinear T2 equations.

We omitted many details which we felt were self-evident; however, our

subsequent experience has convinced us that a more detailed description of

the algorithms should be disclosed.

First, we wish to define what we do not do. If we

collect the and T2 coefficients into a vector, X, and define the arrays

A, B, C, D, and E, it is possible to write the equations in a qeneral

tensor form

A+ B.jX. + C X - D X X X + E X XXX = 0ijj k ijkj KZ DijkZ'j kZ i k ijki jkZm

(16)

In principle, equation (16) can be solved using standard approaches after

constructing the matrices A, B, C, D, and E. Although we find equation (16'

occasionally useful in discussing properties of the coupled cluster

equations, 13) the large dimension of the B, C, D, and E arrays make

implementation of practically useful algorithms predicated upon the

construction and manipulation of these arrays impossible. Consequently,

the programs never construct these arrays; however, it is possible to

think of our programs as producing the result of B, C, D, and E operating

on X without explicity constructing the arrays.

The methods used within the programs can be most simply explained

by referring to the equation in Table 1 as an example. The first step is to

rearrange the equation into an explicit equation for the coefficient t.

L I .

-- - --- -~ - ,.- -_ _
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Based upon our experience with perturbation theory20,2) we usually choose

the terms containing the diagonal Fock matrix elements (i.e., orbital

energies) for the rearrangement of the T1 equation. Thus, we would write

td z (f U - f dd) I {f Zd +  f a t f ita( d) fadt Z 
- i( Z)

<dijjZa> a + Z f (tad tad (17)

iaa t ti

Equation (17) would then be solved iteratively. Usually, but not always,

we start with td initially set to 0 so that

t d(1) = (f - fd) d (18)

z zz dd tZd

and subsequently on the jth iteration

t (j+l) = (fzd f + f adta(j)a(#d)

f t d(j) + z <dil!Za> a . (19)

ti-C)t(19)j(tZ) 
ia

+ f. -tad. d(j) tdQ +

ia ia iZ

Equation (19) illustrates one additional feature of the method we use to

solve the CCSD equations. Namely, we usually choose to simultaneously iterate
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the equations for T1 and T2 coefficients so that at the end of the nth

cycle we have all td(n) and tab(n). Of course, it is possible to iterate

separately for the T coefficients with frozen T2 coefficients and then iterate

for T2 coefficients with fixed T1 " We usually find that T1 and T2

coefficients are sufficiently coupled that such an iteration method is

uneconomical.

Another point which equation (19) illustrates is that we retain

the nonlinearity of the CC equations throughout their solution. Usually,

we do not choose to solve a linear approximation before introducing the

nonlinear terms. Nor do we choose to use a Newton-Raphson method to

achieve rapid convergence because the N-R method requires evaluation of a

gradient matrix. The size of the gradient matrix would be too large to

handle conveniently. Instead, we use a reduced linear eouation method to

accelerate convergence. (13)

In writing down equation (17), we choose to use the terms

containing diagonal Fock matrix elements to solve for t . This choice

implies that the first few iterations of equation (17) beginning with T = 0

correspond to a perturbation solution of the CC equations using a Moller-

Plesset partitioning of the Hamiltonian, which has been shown to normally

have better convergence. 2)If a linear approximation to equation (17) is

made, then all iterations can be made just as in perturbation theory.

Although the Moller-Plesset partitioning has been shown to be superior

for perturbation methods based upon Hartree-Fock orbitals, there are

times when it is clearly inappropriate such as when RHF orbitals are

used for an open-shell configuration and fz f fdd" In that situation,

(f zZ - fdd)l is indeterminant and we have a so-called "dangerous denominator."

Fortunately, in this case the dangerous denominator problem is artificial

and can be eliminated by electing to add an arbitrary constant times t to both
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sides of the T1 equation (Table 1) and then solve for td. A simple

rearrangement to other forms,like the Epstein-Nesbet partitioning for

example, will not usually alleviate the denominator singularity.

any circumvention does not resolve the denominator singularity. Of course,

multideterminatal description implied by the dangerous denominator.

Throughout this paper, the equations have been written in spin

orbital form. However, prior to implementation in the computer program,

the equations are rewritten and the spin factors are specifically included.

For example,

<1d Ilab> tab Z <i d Ila b aba
ab a O a if

a>b i a >b CL aa

a >aii

ab
+ <i d a ab > tiA Z (20)

a ;ba a
iB

where i refers to the spatial function of the ith spin-orbital ard B orbitals

are numbered higher than a orbitals. If n (n ) is the number of occupied orbitals

with a(s) spin and NJN,)is the number of unoccupied orbitals with a( ) spin

then the factoring by spin reduces the sum on the left side from (n + n )2

(N + N )3 to n2N 2 Nl)/+n n 2N operations. The equations are also
CL 0,,(N+7)2+nn Ba $

analyzed to reveal simplifications which result when orbitals are spin

restricted so that a and s components have the same space functions. Thus,

in the spin-restricted problem tda is evaluated, but tdB (which equals td)
ZZa

is not evaluated. Also terms like the second term on the right

hand side of equation (20) simplify as follows in the RHF case.

___-_ 4 ..
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<i d ta b > t 2 z <i d Ia b > ti  (1- /ab/2)
adb d Bb  iZ a, >b L a (21)

iB

I 2
Consequently, the number of operations required drops from n n N NB to

n2N 2(N + 1)/2. In all cases we have been able to implement the spin-

restricted sums with the same subprograms as used for the implementation

of the spin-unrestricted sums by changing loop limits and inserting

appropriate factors of two. As a result of explicitly treating the spin,

the work involved in evaluating our equations is essentially the same as

if we had adopted a spin-adapted formulation while retaining the flexibility

of removing spin restrictions.

In addition to an explicit treatment of spin summations, we also

factor terms containing products of three terms into intermediate partial

sums containing just two terms. Thus,

<ijllca> c tda ..,2
i>jt tZ ci (22) 

ca

da
where acd = E <ijllca> tda The intermediate, acd'

i>j-
a

is computed and stored as partial sum before completing the evaluation by

summing over the Tl terms. As a result of this factorization, the work required

I
I
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to evaluate the above term is reduced from n2 (n-i)N 3/2 operations to

n2(n-l)N 2/2 + nN2 operations. This is exactly the same type of simplification

required to reduce the two-electron integral transformation to an (n + N)5

process from an (n + N)8 process; and like the explicit spin summations, it

always has been used in our MBPT/CCD programs.(20-24)

Our treatment of symmetry within the program occurs at two levels

and is intertwined with the choices we made for integral and coefficient

storage. Hence, a brief explanation of our integral storage technique is

required. Before we adopted any storage scheme we first proposed some

design goals for the program:

(1) The storage scheme adopted should facilitate writing the

program. That is, it should be easier to write the required

subroutines and easier to ensure the correctness of the

routines.

(2) Every step in the evaluation of the terms required should

be fully factored and no term should require more than

,2 4 n4 2 or 3n2N , n4N or n3N operations.

(3) Access to data, both in memory and on disk, should be

sequential in the inner loops. No input/output would

ever occur within the two innermost loops. Random

access to records on disk would be presumed, but primarily

used to position subfiles which would then be read

sequentially. Because of the sequential access through

memory the program would be ideally suited for vitual

memory computers.

~I,
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I (4) The central memory requirements, should be proportional

i to the square of the number of basis functions. Thus, if

the computer has enough memory to solve the Hartree-Fock

I problem, then there should be enough memory to solve the

CC problem. Unlike most CI programs, we do not assume

that all of our coefficients could fit into memory. Instead,

we choose to hold only a single distribution of coefficients

in memory and to carefully manage the concommitant increase

in input/output by working with fully ordered integrals and

coefficients. Consequently, we were able to carry out

frozen core CCD double zeta calculation on benzene (60 MO's)

on a VAX 7i-780 using a physical memory working set of

256 K bytes while paging at a relatively slow rate.(ll)

(5) Symmetry zeroes and accidental zeros should be treated

transparently and on equal footing where possible.

ii '



I 20

Our approach to implementing these six goals centers on the

observation that most terms in Tables 1-3 can be written as simple scalar

products. For example, by combining ab, cd, and ij into single labels

c, f, and k we can rewrite

<abllcd t (25)
cd 

13

as a simple matrix product Z Vef Tfkf

If all <abllcd> and tab are sorted onto a random access device so that

the label cd identifies a record containing <abilcd> for all ab and the

label ij identifies a record containing tab for all ab, then the sunmationij fralate h umto

indicated in (24) is easy to perform, especially if the integrals are

also ordered within each record. Furthermore, the sums can be set up so

that only N2 integrals of <abllcd> type and N2 coefficients of tij type

must be in memory to generate a given t b . If integrals are ordered inij"Ifitglsaeodrdi

each record, exact zeroes and integrals smaller than a given threshold

can be removed and a skip count indicating the distance between labels

can be packed into the integrals.

As a result, to simplify programming,we opt to sort the

molecular orbital integrals coming out of the two-electron transformation

into antisymmetrized combinations with Dirac type labels and to store

them in random access subfiles according to the number and location of

occuppied indices. Within each subfile, two integral labels are used to

spec;fy a record containing all integrals of that type. Zero integrals

and approximately zero integrals are not stored in the records and skip

counts are inserted to keep track of these integrals. While these steps
4

introduce some inefficiency and redundancy at the N level, we are willing

to make these kinds of sacrifices to speed up the N processes.

N
6 -~
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I Returning to the treatment of symmetry, we see that at the

lowest level symmetry is implemented by removing all zeroes from the

I antisymmetrized integral and coefficient lists. While it is important

to remove zeroes for integral and coefficient storage, the principal

benefit occurs during the construction of the scalar products where a

routine like that shown in Table 4 can be used to perform a sparse scalar

product. Thus, the inner most loops are implemented with a-sparse scalar

product subroutine which is driven by the indices implicit within the

antisymmnetrized integral list. Since indices which are zero by synmmetry

never appear, the loops effectively run only over symmetry indices. To

avoid generating a term which is zero by symmetry, we use a symmetry template

in the outermost loops. Thus, the target arrays contain a bit flag

which indicates whether the sum is zero by symmetry. In effect, the outermost

loops run over all orbital indices, but the inner loops are skipped altogether

if the evaluation term must be zero by symmetry.

This completes the discussion of the computational considerations.

The following section discusses some applications of the CCSD model to

molecules.

- - ~.
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VI. EXAMPLES

Our first application of the CCSD model was to H2 in a double

zeta basis. A potential curve from 0.9 a.u. through 10 a.u. was calculated

with both the CCSD model and SDCI (i.e. full CI), which of course, gave

the same answer. Furthermore, the CCSD energy was invariant to the orbital

transformations - including UHF orbitals- which we applied to test the program.

The second application, also made to test the correctness of the

program, was 2H2 at a 100 a.u. intermolecular separation. In this problem,

the CCSD energy was exactly twice the SDCI energy for a single H2 as

size extensivity requires. Again, the correct relationship held for the

range of H2 intramolecular separations while keeping the intermolecular

separation of the H2 1s at 100 a.u.

I More interesting results are the CCSD energies for H20 and the

I comparison with the full CI results of Saxe, Schaefer and Handy (Table 5f.4Our

CCSD energy, in the double zeta basis at their geometry, is -76.156077 hartrees

I which represents an energy lowering of -.006062 hartrees relative to their

I SD-Cl energy of -76.150015 hartrees. Our CCSD energy is .001789 hartrees

above their full CI energy of -76.157866 hartrees. The largest part of the

difference between CCSD and full CI comes from triple excitations, which

have been calculated to contribute -0.001364 hartrees. (25) The CCSD energy accountsIr
for 98.79% of the total correlation energy compared to 94.67% for SC:CI.

IThus, the CCSD model accounts for two-thirds of the error inherent in SD-CI.

gAs can be seen from Table 5, the CCSD + T(4) model energy is .00017 hartrees

(0.1 kcal/mole) above the SDTQ-CI energy. In this case, the effect of CI

I quadruple excitations are handled accurately by the exponential ansatz.

J -
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Equally interesting is a comparison of CCSD with CCSD-2, a

simplification of the full CCSD in which only the linear single excitation

terms and the 1/2T2 are retainedp 3 ) The difference between CCSD and CCSD-2

of .00031 hartrees is the energy raising caused by disconnected single

contributions to CI type triple and quadruple excitations.

One of the advantages of an infinite-order model like CCSD over a

finite-order perturbation approximation occurs with more difficult cases

that involve some quasidegeneracy 20 ) Unlike the H20 example, where the

Hartree-Fock reference determinant has a coefficient of 0.95 in the full

CI expansion with all other coefficients very small, a quasidegenerate

problem usually has two or more configurations with comparatively large

coefficients, which might recommend a multireference approach. However,

the infinite-order CCD model relative to only a single reference function

has been shown to often describe even highly degenerate problems reliably.(12 )

Consequently, to assess the stability of the CCSD model for quasidegenerate cases,

g a problem involving the insertion of Be into an H2 molecule has been considered.

Be is well-known for the ouasidegeneracy between the 2s and 2p

orbital that causes the Is22p2 configuration to be important in the CI

expansion. The degree of importance of the ls22p configuration is very

much a function of the choice of molecular orbitals with MCSCF orbitals

I weighting it heavily, but even with SCF orbitals from a large basis set, the

coefficient is still about 0.l! 20)Also, as the H2 bond is broken, the

lag2 3nd la 2 configurations become equally important. In addition, to
9 0

these elements, as Be is inserted perpendicularly (C2v) into H2, there is
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I
a promotion from Be(2s ) to Be(2p ) near the critical geometry, causing

the principal configuration for BeH2 to change from la2 2a2 3a2 to

la1 2a lb2 . Since in a single reference model, one of these configurations

must be treated in the complementary space, such quasidegeneracy effects

should severely tax the ability of a single reference model to describe

this insertion reaction. Also, both RHF functions are unstable since a

lower UHF solution exists. Just as in full CI, however, even a poor choice

of single reference function might be used to generate the configurations,

but the proper weight factors would be obtained via the diagonalization steD

CCSD potentially has the same flexibility, although one must distinguish

between a method containing the correct solution and the practical problem

of extracting that solution numerically. In all applications reported

(13)here the reduced linear equation method and Pade approximants are used

to obtain the solutions.

The basis set for BeH 2 is given in Table 6, and we present the

SCF, full CI, CCSD and various lower order MBPT results in Table 7.

The geometry,Be(O., 0., 3.0 a.u.) and H(O. + 1.16 a.u., 0.), is near the
of crossover when the principal configuration la 2a 2  3a would be

point 1 1  1

II
superseded by laa1 2a21 lb 2 .The full CI coefficients using SCF orbitals

obtained from la2 2a2 lb 2 at this geometry are 0.823 and -.294 , respectively.

When Be is moved to 2.75 a.u. from H2, the respective coefficients change

to -.560 and 0.724.

Despite the large amount of potential degeneracy in this system

the ayreement between the single reference CCSD model and the full CI is

exceptional. Unlike the example of H20 where fourth-order perturbation

theory (SDTQ-MBPT(4) is only 0.6 kcal/mole higher than the full CI, and
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gthe other fourth-order approximations are in the vicinity of 2 kcal/mole

of the full CI, the error is 6-7 kcal/mole for fourth-order approximations

Ifor BeH 2 .

An even more extreme text example is to choose to use the less important

la 22a 2lb 2configuration as the reference determinant. Its coefficient

of 0.294 corresponds to a weight of less than 10% of the full CI wavefunction.

These results are listed in Table 8. Notice that the SCF result is much

higher and, in fact, seems to be approximating the second root of the

I full CI. The perturbation approximations tend to cluster in the vicinity

of the second eigenvalue although they do go below the correct answer,

assuming some kind of average value between the two eigenvalues. However,

Ithe CCSD model appears to overcome the comparatively poor starting point

to a large degree, getting within 5.3 kcal/mole of the full CI. This occurs

despite the enormous weight of the la2 2a2 3a2 configuration (2.16 intermediately

Inormalized) in the CCSD wavefunction. BeH 2 has an approximately separated

ipair structure and the basis set is small, but this example still illustrates

the large degree of flexibility inherent in the CCSD model. Combining CCSD's

stability, with its efficiency, size-extensivity, and its equivalence to

the full CI for the chemically pertinent problem of a group of separated

electron pairs, appears to make CCSD a very attractive model for

I numerous applications.

I

I
I

"J I-----_____



1
I
I
I

APPENDIX A

I
'I
I

*1 K

- '4. - .4 I -



I TAPPENDIX A

i H-El): (A-1)

where H is a symmetric matrix and is the eigenvector corresponding to the

energy eigenvalue E. One technique for solving secular equations is the

partitioning method. Here we partition equation (A-l) and renormalize it

so that

[ IV~ i "I = 0 (A-2)

which is equivalent to two equations

H0 - El+ t = 0 (A-3)

and

a + (B - E )t . (A-4)

Solving (A-3) for E we find

E H + a t (A-5)

l0
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which we use in (A-4) to get

- Hel)t (a )t : . (A-6)

II~Equation (A-6) is independent of E and equivalent to equation (A-2).

The energy corresponding to the t which satisfies (A-6) is given by (A-5).

The quadratic dependence manifest in (A-6) is different from that present

in the coupled cluster equation, since in (A-6) there is a scalar product,

while in the coupled cluster equations a true tensor product, t x t,

appears.

Equation (A-6) also has an additional interesting feature in that

the linearized coupled cluster method can be derived by deleting -(a tl )t

from (A-6).

I
I
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Table 1. CCSD equation satisfied by single excitation

coupled cluster coefficients td

I
ta, t ad a

d ai ia ia

+ I <idjjab> (tib+tatt a b) I <ijIja/> (tid+tatdtjt)

a>b it i Z t i 1>3 13 i j i
i a

- I <ijllca> t tda - T <ikl ab> t k aii>j > l  i 'k t i

ca a>b

-c <jk!lcb> tc (t j-tt ) = 0

jb

I
I
I

I
fiV



TABLE 2. CCSD equation satisfied by the double

excitation coefficient t4O

Cad +f Cdb + f Cab + CabI
<ijflab> - fbd ii + ad C ij Cik ~ ki]

d k

+ I [<akj jij> tb + <kbllij> ta] - I [<abilcj> t <abilic> tc]
k tk k *1

+ I <abllcd> C' + I <ijlkt> ab

c>d 'J k>ZCk

",ad - bk "ad 'd b '-
- [<bkl'.jd> Ck <klid> Ck - <akilijd> Cik <akilid> Cik

k ,d k jkj

t a tcb tb ac _ t cab t ab tb
k ij k i j i kj j i

bd ad ad bdb tab]

d z~ Z ej

I+ I It~ bc c tc ~ + ta b
c iab~j ab;ci] ~ t ij*tb - t z ij;ta I

+.1 <ktljcd> [Ccd Cab -2 atc Cbd + bdCc

I~ cd

-2 atb Cd + tbd cd) + 4c Cb +' aC

(ik t t Cik) 4 ki Czi + i Zi)

-8 d t ta t =0

kI

I~ ~ ~ ~ ~~ 7 -Irv____________



TABLE 3. DEFINITIONS OF QUANTITIES IN TABLE 2

ab tb + Ab

c ~ab a~b + a tb

0I B ? + A ab/3

B ab tab + a tb /

lbd <bkffdc> tc

rADI~8 Z <ak lcd> -gadbd +Z <tkjljc> Bab
~ab;c;jkj <kI 9c>'kj ktkd kdke

0jj;Zeb <tkllcj> cBi I <ZkffIci> Bjk + Z <btllcd> B~d

kc Bk kc c>d 13

Ib
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TABLE 4. A FORTRAN SUBROUTINE FOR PERFORMING

I A SPARSE SCALAR PRODUCT

FUNCTION PAKPRD (A, LA, B, LB, N)

C1 C PAKPRD PERFORMS A PACKED SCALAR PRODUCT
C BETWEEN VECTOR A AND VECTOR B
C
C A AN ARRAY OF NUMBERS WITH SKIP INDICES
C LA : THE LENGTH OF A
C B : AN ARRAY OF NUMBERS WITH SKIP INDICES
C LB THE LENGTH OF B
C N : THE LENGTH OF A AND B IF THEY WERE UNPACKED

PAKPRD = 0.
IA = 0
IB = 0
NA = 0
NB = 0

40 IA = IA + I

NA = NA + (A(IA) .AND. 225)
30 IB = IB + 1

NB = NB + (B(IB) .AND. 255)
50 IF (NA-NB) 10, 20, 30j 20 PAKPRD = PAKPRD + A (IA)*B(IB)

IF (NA .LT, N) GO TO 40
IF (NB .GT. N) CALL BOMB (NB)
IF (IB .GT. LB) CALL BOMB (18)
IF (IA .GT. LA) CALL BOMB (IA)
RETURN

10 IA = IA + 1
NA = NA + (A(IA) .AND. 255)
GO TO 50

I END

1
I
I
I



TABLE 5. COMPARISON OF MBPT/CCM RESULTS WITH FULL CI
H20 IN 14 CGTO BASIS SET FROM SAXE, SCHAEFER

AND HANDYa

Model Configurations Correlation AE(FCI)
Energy Kcal/mole

SD-CI 361 -0.14018 4.9

SDTQ-CI 17,678 -0.14777 0.2

FULL CI 256,743 -0.14803 0.0

D-MBPT(2) -0.13948 5.4

D-MBPT(3) -0.14087 4.5

D-MBPT(4) -0.14392 2.6

DQ-MBPT(4) -0.14476 2.1

SDQ-MBPT(4) -0.14565 1.5

. SDTQ-MBPT(4)b -0.14704 0.6

j CCD -0.14544 1.6

CCD-Orbital -0.14622 1.3
Optimized

CCD + ST(4) -0.14771 0.2

CCSD-I or 2 -0.14655 0.9

CCSD -0.14624 1.2

CCSD + T(4) -0.14760 0.3

m a Reference (24).

1 b Reference (25).

I
I
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TABLE 6. CONTRACTED GAUSSIAN BASIS USED FOR THE TEN
ORBITAL BeH2 MODEL PROBLEM

Contraction
Exponent Coefficient

Be Is 1267.07 .001940

190.356 .014786

43.2959 .071795

12.1442 .236348

3.80923 .471763

1.26847 .355183

isl 5.693880 -0.028876

1.555630 -0.177565

I 0.171855 1.071630

is" 0.057181 1.000

j 2p 5.693880 .004836

1.555630 .144045

1 0.171855 .949692

H Is 19.2406 .032828

2.8992 .231208

I 0.6534 .817238

I is 0.17760 1.000

I
I
I
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TABLE 7. COMPARISON OF BeH 2 ENERGIES CALCULATED NEAR THE

TRANSITION STATE GEOMETRY BE(O., 0., 3. a.u.)I2 2 2
H(O.,+1.l6a.u.,O.)REFERENCE CONFIGURATION alala lI

Model Configurations Total AE(FCI)
Energy kcal/mole

SCF 1 -15.53647 55.5

FCI 1574 -15.62496 0.0

D-MBPT(2) -15.58485 25.2

D-MBPT(3) -15.60460 12.8

D-MBPT(4) -15.61437 6.6

SD-MBPT(4) -15.61485 6.3

DQ-MBPT(4) -15.61331 7.3

SDQ-MBPT(4) -15.61378 7.0

CCSD-2 -15.62709 1.3

CCSD -15.62418 0.5

CCSD expansion coefficient for a2 a2 = -0.24

using intermediate normalization.

I
I
I
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TABLE 8. COMPARISON OF BeH 2 ENERGIES CALCULATED ATIBe (O.,O.,3a.u.)H (0., + 1.1 6 a.u., 0.) WITH
REFERENCE CONFIGURATION a 2a 2b 2*I

Model Configurations Total AE(FCI)
Energy kcal/mole

SCF 1 -15.47728 92.7

FCI Root 1 1574 -15.62496 0.0

FCI Root 2 1574 -15.53575 56.0

D-MBPT(2) -15.51987 65.9

D-MBPT(3) -15.53564 56.0

D-MBPT(4) -15.54422 50.7

SD-MBPT(4) -15.54495 50.2

DQ-MBPT(4) -15.54331 51.2

SDQ-MBPT(4) -15.54404 50.8

CCSD -15.61645 5.3

* CCSD expansion coefficient for 2 aa2 a 2.16
11Iusing intermediate normalization.

I I
I
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